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THE object of the following treatise is to present sim- 
ply and concisely the fundamental problems of the 
Calculus, their solution, and more common applications. 

Since variables are its characteristic quantities, the 
first fundamental problem of the Calculus is, To find the 
ratio of the rates of change of related variables. To ena- 
ble the learner most clearly to comprehend icnis problem, 
the author has employed the conception of rates, which 
affords finite differentials and the simplest demonstration 
of many principles. The problem of Differentiation hav- 
ing been clearly presented, a general method of its solu- 
tion is obtained by the use of limits. This order of 
development avoids the use of the indeterminate form --, 
and secures all the advantages of the differential nota- 
tion. Many principles are proved, both by the method 
of rates and that of limits, and thus each is made to 
throw light upon the other. 

In a final chapter, the method of infi-nitesimals is briefly 
presented; its underlying principles having been previ- 
ously established. 

The chapter on Differentiation is followed by one on 
Integration; and in each, as throughout the work, there 
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are numerous practical problems in Geometry, and Me- 
chanics, which serve to exhibit the power and use of 
the science, and to excite and keep alive the interest 
of the student. 

In writing this treatise, the works of the best Ameri- 
can, English, and French authors have been consulted; 
and from these sources the most of the examples and 
problems have been obtained. 

The author is indebted to Professors J. E. Oliver and 
J. McMahoi^^ of Cornell University, and Professor O. 
Root, Jr., of Hamilton College, for valuable suggestions; 
and to Messrs. J. S. Cushing & Co. for the typograph- 
ical excellence of the book. 

J. M. TAYLOR. 
Hamilton, N.Y., 

Nov.: 1884. 
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CHAPTER I. 



INTRODUCTION. 

1 . In the Calculus there are two kinds of quantities considered, 
variables and constants. 

A Variable is a quantity that is, or is conceived to be, con- 
tinually changing in value. Variables are usually represented 
by the final letters of the alphabet. 

A Constant is a quantity whose value is fixed or invarial)le. 
Constants are usually represented by figures or the first letters 
of the alphabet. Particular values of variables are constants. 

In the Calculus the locus of an equation is conceived as traced 
by a moving point called the Generatrix. If a = ob, the locus 
of 0^4-2/^= a^ is the circle abcd. Now, 
as the generatrix traces this circle, its 
coordinates, x and y^ conlftiually change 
in value, and are therefore variables ; 
while a retains the value ob, ■ and is 
therefore a constant. 




Fig. 1. 



2. FunctiGns and Independent Vari- 
ables. One variable is a function of an- 
other, when the two are so related that 
any change of value in the second produces a change of value 
in the first. 

For example, the area of a varying square is a function of 
its side ; the volume of a variable sphere is a function of its 
radius ; all mathematical expressions depending on x for their 
values, as ao^, 6a?*+ca^, sin a;, logo;, etc., are functions of «. 

An independent variable is one to which any arbiti'ary value 
or law of change may be assigned ; as, x in a^, x in sin a;, etc. 
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The symbol f{x) is used to denote any function of a;, and is 
read " function of x." When several functions of x occur in 
the same investigation, we employ other S3'mbols, as /'(a:), 
F{x)^ (i>(x)^ etc., which are read "/ prime function of x" 
" jP function of x" " <t> function of a;," etc. According to this 
notation, y=f(x) represents any equation between x and y, 
when solved for y. 

3. Algebraic and Transcendental Functions. — An algebraic 
function is one that is expressed in terms of its variable or 
variables, by means of algebraic signs, without the use of 
variable exponents ; as, aar^ — 2car^, 5x^ — a?, etc. 

All functions not algebraic are called transcendental. These 
are sub- divided into exponential^ logarithmic^ trigonometric^ and 
anti-trigonometric. 

An Exponential function is one in which the variable enters 
the exponent ; as, a*^, y"". 

A Logarithmic function is one that involves the logarithm of 
a variable ; as, log «, log {bx + c). 

The sine, cosine, tangent, etc., of a variable angle are called 
Trigonometric functions. 

The symbol sin"^a;, read " anti-sinq^of a.-," denotes the angle 
•whose sine is x. Sin"^a;, cos'^aj, tan~^aj, etc., are called Inverse 
Trigonometric, or Anti-Trigonometric, functions. 

4. A variable is Continuous, or varies continuously^ when, in 
passing from one value to another, it passes successively through 
all intermediate values. 

A Continuous function is one that is constantly real, and 
varies continuousl}', when its variable varies continuoush'. 
Some functions are continuous for all real values of their vari- 
ables, others only for those between certain limits. Thus, if 
2/ = aa; + 6, or 2/ = sin x, y is evidently a continuous function of 
X for all real values of x ; but, it y = ± -Vr^ — x^, y is continuous 
only for values of x between the limits — r and -h r. 

The Calculus treats of variables and functions onh' between 
their limits of continuit}' ; hence all *the values of x and f{x) 
that it considers are represented geometrically by the coordi- 
nates of the points of the plane cuitc whose equation is y=f(x). 
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Theory of Limits. 

5. For convenience of reference, we give here a brief state- 
ment of tlie theory of limits. 

The Limit* of a variable is a constant quantity which the 
variable, in accordance with its law of change, approaches 
indefinitely near, but which it never reaches. The variable may 
be less or greater than its limit. 

Thus, if the number of sides of a regular polj^gon inscribed 
in or circumscribed about a circle be indefinitely increased, 
the area of the circle will be the limit of the area of either 
polygon, and the circumference will be the limit of the peri- 
meter of either. When the polygons are inscribed, the variable 
ai'ea and perimeter are less than their limits ; and, when the poly- 
gons are circumscribed, the variable area and perimeter are 
greater than their limits. 

By increasing the number of terms, the sum of the series, 
l+i+i + i + etc, can be made to approach 2 as nearly as we 
please, but it cannot reach 2 ; hence 2 is the limit of the sum. 

Again, if a point starting from a move the distance ao 
(=^ab) the first second, the distance 

CD (=^cb) the second second, and so ^ ^ ^ ^ 

on, AB will evidently be the limit of the ^j^ g. 

line traced by this point. 

CoR. TJie difference between a variable and its limit is a vari- 
able tohose limit is zero, 

6. If two variables are continually equal, and each approaches 
a limit, their limits are equal; that is, if:s. = y, and limit (x) 
= a, and limit (y) = b, a = b. 

For, since x = y, a — x^a^y; hence, as a is the limit of x, it 
is also of y (§ 5, Cor.). Since a and b each is a limit of y, and 
y cannot approach two unequal limits at the same time, a = b. 

CoR. If one of two continually equal variables approaches a 
limit, the other approaches the same limit, 

* The student should carefully note the two senses in which the word 
limit is used. In the theory of limits, a limit is a value which the variable 
cannot reach ; in other cases, as in § 4, a limit is the greatest or the least 
value which the variable actually reaches. 
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7. The limit of the product of a constant and a variable is the 
product of the constant and the limit of the variable; that is, if 
limit (x) = a, limit (ex) = ca. 

Let v=ia — x; 

then cx= ca — cv. 

Now limit {cv) = 0, since limit (v) = ; 

hence limit (ex) = limit (ca — cv) = ca. 

8. I7ie limit of the variable product of two or more variables 
is the product of their limits; that is, if limit (x) = a, and limit 
(y) = b, limit (xy) = ab. 

Let v^a-^x, and Vi = b — y] 

then x=a — v, and y = b — Vi; 

,\ xy = ab — {avi-{- bv — vvi) . 

Now limit {avi + bv — vvj)* = ; 
hence limit {xy) = limit [a6 — {avi-\- bv — vvi)'] = ab. 

In like manner, the theorem is proved for n variables. 

9. The limit of the variable quotient of tico variables is the 
quotient of their limits; thcU is, if limit (x) = a, and limit (y) =b, 
limit (x -^ y) = (a -^ b) .f 

Let « = 0? -s- 2/, 

and c = limit {z) , or limit {x-i-y). 

Then x = yz\ .-. a=:bc\ §§ C, 8. 

.*. limit (a;-f-y)[=c] = a-f- 6. 

10. The limit of the variable sum of a finite number of vari- 
ables is the sum of their limits; that is, if limit (x) = a, limit 
(y) = b, limit (z) = c, etc., 

limit (x+y + zH ) = a + b + cH 

Let v = a—x, Vi = b — y, V2 = c — z, etc. 

Then x-\-y-{-z-\ 

= (a + 6 + c + ...)-(v + ^i + t'2 + -); 

.-. limit (a; -h 2/ + 2^ H ) 

= limit[(a + 6 + c + ...)-(^^ + ^'l + ^'2+•••)] 

* When V and Vi have unlike signs, the difference, ai\ + bv — vv^f may be- 
come zero for particular values of v and Vj, but it cannot remain zero, since 
xy is variable. The same is true of the difference, v + 1\ + 1^2+ — , in § 10. 

t This principle does not hold when the limit of the divisor is zero. 
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Cor. When the prodtict, quotient^ or sum of two or more vari- 
ables is equal to a constant^ the product^ quotient^ or sum of their 
limits is equal to the same coiistant. 

11. The Change of a variable is Uniform, when its value 
changes equal amounts in equal arbitrary portions of time. In 
fill other eases the change is variable. 

Thus, if from a toward b a point move ^-^^ — \ l d — c — b 
equal distances, as Aa, a6, 5c, etc., in equal pjg 3 

arbitrary portions of time, the increase of 
the line traced will be uniform. Again, if the motion of a point 
along a straight line be uniform, the change of each of its 
rectilinear coordinates will evidently be uniform. 

12. An Increment of a function or variable is the amount of 
its increase or decrease in any interval of time, and is found by 
subtracting its value at the beginning of the interval from its 
value at the end. Hence, if a variable is increasing, its incre- 
ment is ix)sitive ; and, if it is decreasing, its increment is 
negative. An increment of a variable is denoted by writing 
the letter A before it; thus, Aa;, read "increment of a?," is the 
symbol for an increment of a?. If y =/(x) , Aa? and Ay repre- 
sent corresponding increments, that is, the increments of x and 
y in the same interval of time. 

Let aPH be the locus of y =f(x) referred to the rectangular 
axes ox and or. If, when x = oa, 
Aa; = OB — OA = AB ; then 
Ay = Bp' — AP = Ep' ; if, when x = oc, 
Aa; = CF ; then Ay = fh — cd = — nd. 

In the last case Ay is negative, but o a u c f 
it is properly called an increment, ^**- ** 

since it is what must be added to the first value to produce 
the second. 

13. The Differential of a function or variable at any value is 
what toould be its increment in any interval of time, if at that 
value its change became \iniform. Hence, the differential of a 
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variable is positive or negative^ according as the variable is 
increasing or decreasing. The interval of time, though arbitrary, 
must be the same for a function as for its variable. 

If the change of a variable be uniform, any actual increment 
may evidently be taken as its differential. 

The differential of a variable is represented by writing the 
letter d before it ; thus, dx, read *' differential a?,'* is the symbol 
for the differential of x. When the s}Tnbol of a function is not 
a single letter, parentheses are used; thus, d{pi?) and d{pi?— 2x) 
denote the differentials of o? and a^ — 2 a;. 




14. nlnstrations of Differentials. Conceive a variable right 

triangle as generated by the perpendicular moving uniformly to 

the right. Let y represent its area, x its 

base, Tiud 2 ax its altitude; then y=^aja?. Let 

BH be Aaj estimated from the value ab(= a;') , 

then BHMC will be Ay. But, if the increase 

of the area became uniform at the value abc, 

the increment of the area in the same time 

would evidently be bhoc ; hence, bhoc and 

BH may be taken as the differentials oiy and 

», when X = x\ But bhoc = 2 ax'dx, hence, 

in general, dy[_ = d (ax^) ] = 2axdx. If a= 1 , y = ar^, and dy= 2xdx, 

Here Ay = dy-{- triangle com. 

The signification of dy=2ax'dx is evidently that, when 
x=sx\ 2/, the area, is changing in units of surface 2aa;' times as 
fast as X is in linear units. 

Again, let om be the locus of y=f{x)y referred to the axes 
n ox and or. Conceive the area between ox and 
the cur^"e as traced by the ordinate of the cur^^e 
moving uniformly to the right. Let z repre- 
sent this area, and let ab be Aaj estimated 
from the value OA(=a;'); then abp'p = A2;. 
But, if the increase of z became uniform at the 
value OAP, its increment in the same interval 
would evidently be abdp ; hence ab and abdp may be taken as 
the differentials of x and z respectivel}', when x = x'. 
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Hence dz = abdp = apc^o; = y'dx ; or, in general, dz = ydx^ 
which evidently means that z is changing y times as fast as x. 

Area above the axis of x being positive, area below it is 
negative ; hence, where the curve lies below the axis of a;, the 
area decreases as x increases, and ydx is negative as it should be. 

Here A2; = dz + area pdp'. 

15. The Inclination of a straight line referred to rectangular 
axes is the angle included between the axis of abscissas and the 
line. The direction of a line with respect to the axis of x is 
determined by its inclination. 

The Slope of a line is the tangent of its inclination. Thus, in 
Fig. 7, Hzp is the inclination of za, and tannzp is the slope of za. 

The direction of motion of the generatrix of a straight line is 
constant^ while the direction of motion of the generatrix of a 
curve is variable, 

A Tangent to a curve at any pqint is the straight line that 
passes through that point, and has the same direction as the 
curve at that point ; or, a tangent to a curve at any point is the 
straight line that the generatrix wonld ti'ace, if its direction of 
motion became constant at that point. The slope of a curv^e at 
any point is the slope of its tangent at that 
point. Thus, if, in Fig. 7, pa is a tangent to 
, the curve at p, tan hza is the slope of the 
curve at p. 

16. Geometric Signification of --^. Letm^i 

ax 

be the locus of y=f{x)^ and let x' be the 
abscissa of any point upon it, as p. If at p 
tlie motion of the generatrix of the curve 
became uniform along the tangent pa, it is 
evident that the change of each of its coordinates would also 
become uniform. Hence pe, ea, and pa may be taken respec- 
tively as the differentials of a;, y, and the length of the curve, 
when x = x' ; for they are what would be the simultaneous 
increments of these variables, if the change of each became 

Uniform at the value considered. Therefore -p^ = — = tan epa 

dx PE 
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Fig. 8. 



= tan HZ A, which is the slope of the curve at p. Hence, in 

general, -? is the slope of the curve y = f (x) at any point (x, y) . 
dx 

Cor. 1. If EA, or dy, be c times as great as pe, or dx, y is 
evidently increasing c times as fast as a?, when x = oi. 

Cor. 2. If s represent the length of the curve mn, PA = d5, 
and ds^==d3t^-\- dy^, in which ds^ denotes the square of ds, 

17. Limit of the Eatio of the Increments of y and x. 
Let mn be the locus of y =zf(x), and ed, a tangent at p, any 

point upon it ; then the slope of 

this tangent = ^ (§ 16). l,et 
dx 

MN [= pc] = Aaj, when estimated 

from the value om, then cp'=Ay. 

Draw the secant pp' ; then 

Av 

— ^ = the slope of the secant pp'. 

Ax 

Conceive Ax to approach as 
its limit ; then the slope of the 
secant will approach the slope of the tangent as its limit.* 

. limit r^lt^dy 
•• Aa: = o|^^ajJ dx 
Hence, the ratio of the differential of a function to that of its 
variable is the limit of the ratio of their incitements, as these incre-- 
ments approach zero as their limit. 

Cor. 1. It is evident that ^, or ^^^^l^.f^l, is finite, except 

where the locus of y=f(x) is parallel or perpendicular to the 
axis of X, where it is or oo. 

* This statement, if not sufficiently evident, may be demonstrated as 
follows : When the arc pop' is continuous in curvature, and this arc can 
always be made so small that it will be continuous, the slope of the secant 
pp' is equal to the slope of a tangent to the arc pop' at some point, as a. 
Now, as the arc pap' approaches zero as its limit, the point a approaches p 
as its limiting position ; hence the slope of the secant pp' approaches the 
slope of the tangent pd as its limit. 

limit ^18 read " the limit of ^ as Ax approaches as its limit." 
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Cor. 2. If -M he constant, the locus of y =/(«) is evidently 
a straight Ime, m which case — ^ = -^. 

i\CC (XtC 

CoR. 3. A tangent to mn at p is evidently the limiting posi- 
tion of the secant pp' as p' approaches p and arc p'p == 0. 

The following is another proof of the important principle 
established above : — 

Second Proof.* Conceive the area between ox and the 
curve ovn (Fig. 9) as traced by the ordinate 
of the curve moving to t^« right. Let z ^ 
ret)resent this area, and let ab be Aa; esti- 
mated from the value oa ; then Ay = dp', and 

As = ABP'P. 

Now ABDP < ABP'p < ABp'm ; 

,\y'Ax<Az<{y'-\'Ay)Ax. 
Dividing by Aa?, we have 

y'<^<y'+^y' 

Whence — differs from y' less than y'+ ^y does ; but 



A B 

Fig. 9. 



Ao; 

limit 
Ax 



f„Cy+A,] = y;.-.2i-it^[^^] = ,'. 



But 
Hence 



dz ^ , 
dx"'^' 



§ 14. 



limit 
Ax 



nit r^^i^^ 

= ^l_A.rJ dx 



* This demonstration assumes that any f miction of x may be repre- 
sented graphically by the area between a curve and the axis of x. That 
many functions of x may be thus represented is very evident, and that any 
may be follows from § 67. 



CHAPTER II. 
BIFFERENTIATIOir. 

18. Differentiation is the operation of fiDding the differential 
of a function. The sign of differentiation is d ; thus d in d(Qt^) 
indicates the operation of differentiating a^, while the whole 
expression d{oi^) denotes the differential of a;^ (see § 13). 

To differentiate ax^^ let y = aa^, and let x' and y' be any cor- 
responding values of x and y ; then 

y'=ax'\ (1) 

Let Ax be any increment of x estimated from the value x\ 
and Ay the corresponding increment of y ; then 

y'-^- Ay = a(x'-\- Ax)^ = ax'' + 2ax'Ax + a{Axy. (2) 
Subtracting (1) from (2), we have 

Ay = 2ax'Ax-\-a(lxy, or ^ = 2ax'+aAa;. (3) 

Ax 

.-. -^ = 2 ax\ or, in general, dy = 2 axdx. § 1 7. 

dx 

By this general method we could differentiate any other func- 
tion, but in practice it is more expedient to use the rules which 
we proceed to establish. 



Algrebraic Piinctions. 

19. The differential of the product of a constant and a vari- 
able is the product of the constant and the differential of the 
variable. 



ALGEBRAIC FUNCTIONS. 11 

We are to prove that d (ay) = ady^ in which y is some func- 
tion of X. Let u = ay^ and let x' represent any value of a, and 
y' and w' the corresponding values of y and u ; tlien 

u'=ay'. (1) 

Let Ao; represent any increment of a;, estimated from the value 
a;', and let ^y and Aw represent the corresponding increments 
of y and u ; then 

w'-f Aw = a (y + A?/) = a^^'-f aAy. (2) 

Subtracting (1) from (2), member from member, we have 

Aw = aAy. 

. A?i Av 
Ao; Ax 

. limit r^wl limit r,Ay1_a.limit fAyl gg fi 7 

.•.^ = af . §17. 

Hence, as x' is any value of a;, we have in general, by multi- 
plying both members by dx^ 

du[=d(ay)'] = ady. 
dy 



^»- <!)=<»-? 



20. The differential of a constant is zero. 

This is evident, since the increment of a constant in any 
inten^al of time is zero. 

21 . The differential of a polynomial is the algebraic sum of 
the differentials of its several terms. 

We are to prove that d{v-\-y—z-\'a) — dv-\-dy—dz^ in which 
V, y, and z are functions of a;. 

Let w = 'V-f2/ — 2-f-a, and let «' represent any value of a;, 
and v', y', 2:', and ii^ the corresponding values of r, y, 2, and w ; 
then 

w'='y' + 2/'-2;'H-a. (1) 
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Let Aa; represent any increment of x, estimated from the value 
x\ and Av, A^, Az, and Au the corresponding increments of v^ 
y, 2;, and II ; then 

u' -f Am = v'-f Av -h y H- A.V - {z'-\-Az) + a. (2) 

Subtracting (1) from (2) we have 

Am = Av -f Ay — A«. 

' ' Aaj Aaj Ax Ax 



. limit r^^"]== limit f^ . ^_^1 § a 

••Ax=0[Aa;J A^=oLAaj'^Aaj AxJ ^ ' 

,/^^^ + djL^^. §§10,17. 

ax ax dx dx 

Hence, as x' is any value of a;, we have in general 

du [= d {v -\- y — z -{- a)"] = dv -{-dy — dz, 

22. The differential of the product of two variables is the first 
into the differential of the second^ plus the second into the differen- 
tial of the first. 

We are to prove that d (yz) = ydz + zdy, in which y and z are 
functions of x. 

Let M = yz, and let a?' represent any value of ic, and y', z\ and 
v! the corresponding values of 2^, 2;, and u ; then 

w'=2/V. (1) 

Let Ax represent an}- increment of x estimated from the value 
x\ and Ay, A2;, and Am the corresponding increments of y, 2:, 
and n ; then 

M'+AM=^(y+Ay)(2'4-A2;) 

=y'z'-h y'Az -h 2'Ay -j- A2;Ay. (2) 

Subtracting (1) from (2) we have 
Am = y*Az -f- z'Sy -f- A2;Ay. 

Ax Ax Ax 



o 
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••■iS'.[i]=s.[vE]^-s'.[<''+'^)^} 

U«A/ ttdU tttC/ 

Hence, as x^ is any value of a;, we have in general 
c2w [= d(y«)] = ydz -\- zdy. 

To obtain this result geometrically, let and y represent the 
variable altitude and base of a rectangle 
conceived as generated by the side z moving 
to the right, and the upper base y moving 
upward ; then zy = its area. 

If, at the value dcba (Fig. 10), dz = au, 
and dy = ce, d(area) = cefb -f- bgha ; since ^^ ^ ^. 

CEFB -f- BGHA is evidently what would be the ^^ j^ 

increment of the area of the rectangle in 
the assumed interval, if at the value dcba the increase of its 
area became uniform. 

Hence, d(zy) = d(area) = cefb -f bgha = zdy + ydz. 

Here A (zy) = d (zy) + bgof. 



23. The differential of the product of any number of variables 
is the sum of the products of the differential of each into all the 
rest. 

We are to prove that d(xyz) = yzdx + xzdy + xydz, in which 
y and z are functions of x. 

Let u = xy^ then d(xyz) = d(uz) . 

But d(uz) = zdu H- udz § 22. 

=zzd(xy)-\-xydz 

= yzdx + xzdy + xydz. 
.'. d(xyz) = yzdx + oszdy + ocydz. 

In a similar manner, the theorem may be demonstrated for 
any number of variables. 
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24. The differential of a fraction is the denominator into 
the differential of the numerator^ minus the numerator into the 
differential of the denominator^ divided by the square of the 
denominator. 

We are to prove that ^( - ) = ^^^~-^ , in which y and z are 

ftinctions of x, 

V 
Let u = '-'> then uz = y, 
z 

,'.udz-\-zdn=^dy, 

dy — -dz 
, dy — udi z zdy — ydz 

,\aii = - 



z 



Z Z' 



ri 7 /a\ xda — adx adx . , a *u x • ^i 
CoR. dl -] = = _, since aa = ; that is, the 

\xj or X- 

differential of a fraction with a constant numerator is minus the 
numerator into the differential of the denominator divided by 
the square of the denominator, 

25. The differential of a variable affected tdth any constant 
exponent is the product of the exponent^ the variable with its expo- 
nent diminished by one^ and the differential of the variable, 

I. Wlien the exponent is a p>08itive integer. 

If n is a positive integer, x^ = x * x - x to n factors ; hence 
Ave have 

cZ(ic") = d(X'X'Xto n factors) 

= x'^'Hx -f x^'hlx -\- etc. to n terms § 23. 

= nx'^'hlx, 

II. ^Vllen the exponent is a x>ositive fraction. 

Let y = i»«, then ?/" = af . (1 ) 

Differentiating (1), we obtain 
ny'^'^dy = maf'hlx. 
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,'.dij = r dx= dx = dx 

n y'"^ n y^ n of 

n 
III. Wlien the eocponent is negative. 
Let ^ = a?"**, n being integral or fractional ; then 

Differentiating (1), we have 

dy=- ^?^da; = - nx'^'-Hx, § 24, Cor. 

For a proof of this theorem, which includes the case of in- 
commensurable exponents, see § 39, Ex. 25. 

Assuming the binomial theorem, let the student prove this 
rule by the general method of differentiation. 

CoR. d{-\/x) =^ \x~Hx = ^• 

2Va; 

26. The general symbol for the differential o^f{x) isf\x)dx ; 
hence, if y=:f(x)^ dy=f'{x)dx. 



Examples. 
Differentiate 

1. a^-\-8x-^2a^. Arts. (3 a^ + 8 -f 4 cc) dx. 

d(x^-}'Sx + 2a^) = d{a^) + d(Sx)-\-d{2a^), § 21. 

d(x^) = Sa^dx, §25. 

d(Sx) = 8dx, § 19. 

d(2a^)=^^xdx, §§ 19, 25. 
.\d(aP-\-8x-\-2a^)==(3ix^-}'S-\-^x)dx. 

2. y= 3aa^ — Sticc — 8m. dy = (6ax^6n)dx. 

dy = d(SaQi!^—5nx—Sm) = d(3ax^)-'d(5nx) — d(8m). 
[The differentials of equals are equal, and § 21.] 
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3. /(a;) = 5aaj*-3&V-a&a;*. 

f'(x) dx = (lOaa? -9b^a? -4cabx^) da, 

4. /(a;)==a3-f 56W4-7aV. 

/' (a;) (Zx = ( 1 5 6*aj* H- 35 aV) da, 

6. f = 2px. ^=P' 

d{f)=d{2px). *» y 

7. ay + 6W = a»6^ ''j'"^^'^ 

8. f{x) = {b + a^)i. /'(a!)cte=5|(6 + ««')*aa>da.. 

9. y = (l+2x=)(H-4ar'). dy = 4x{l +Sx + 103f)d3i. 

dy = {l + 2^)d{l + 4a^) + (1 + 4a^)d(X + 2a!^). 

,n 'I' + C-'' dv=. ^~^ (fa, 

, (a; + h)d{x + a') - (a; + a'')rf(a; + ^) . 
12. 2/ = (a.+ a^)V^r^. d2/ = ^-^==dx. 



a^-ar* 






1 / . 2/ = — - 
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18. 2xf-af = 3?., dy= ^'^~'^^ dx. 

4:xy — 2ai/ 

19. /(x)_^^_^^ f{x)dx-—^^-^-^dx. 

20. y=^^- 



a'-x" 



21. /(a;) = Vaaj + V^. /(a;)=^ + ^^. 

2Vx 

22. ^!5 __^i!5_(7a. 

23. f(x) = — ^1— . /'(aj) = i^±^. 

25. (a:-2y)(6-3a;) = (c-a^)(l-2/). 

dx x^—6x — c + 2b 

27. An Increasiiig function is one that increases when its 
variable increases; hence it decreases when its variable de- 
creases. 

A Decreasing fhnction is one that decreases when its variable 
increases; hence it increases when its variable decreases. 

Thus, ax and a* are increasing, and - and a — x are decreasing 
functions of x. 

28. The Derivative of a function is the ratio of the differen- 
tial of the function to the differential of its variable. This ratio 
is sometimes called the derived function or the differential coeffi- 
cient. Hence the derivative of f{x) is /'(»), or the ratio of 
f{x)dx to dx. The derivative of y with respect to x is repre- 
sented by ^. If y =f(x) , then ^=f(x) . Thus, if 2^ = a^, 

dv ^^ ^^ 

-^ = 3ic^ ; that is, 3 ic^ is the derivative of y, or a^ ; if /(a?) = ic", 

dx 

then /'(«) = 6 ar*. 
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29. The Measure of the rate of change of a variable at a 
given instant is what would be its increment in a unit of time, 
if at that instant its change became uniform. This measure 
of rate is generall}' called the raie. Hence, the rate will be 
positive or negative, according as the variable is increasing 
or decreasing. Thus, when we say that the distance of a train 
from the station was changing, at a given instant, at the rate 
of -f 30 miles an hour, we mean that this distance would have 
increased thirty miles in an hour, if at that instant its increase 
had become unifoi-m. 

If the change of a variable is uniform, the actual increment 
of the variable in a unit of time is the measure of its rate. 

30. Signification of -^. Let t represent time ; then, any vari- 
able, as y, is evidently some function of t. Since time changes 
uniformly, dt may represent any increment or interval of time. 
If dt equals the unit of time, then by definition dy equals the 
measure of the rate of change of y ; and, if dt is n times the unit 
of time, dy is n times the rate of change of y ; hence, ivhatever 

be the value o/dt, -^ = the rate of change o/y. 
dt 

31 . Signification of ^, or /' (a;) . ^ = ^ -^ ^ = the ratio 

dx dx dt dt 

of the rate of change of y to that of x (§ 30). f'(x) =/!i§l^-^^ 

dt dt 
= the ratio of the rate of change of f(x) to that of x. 

Hence, the denvaiive of a function expresses the raiio of the rate 
of change of the function to that of its variable; and a function 
is an increasing function or a decreasing function^ according as 
its derivative is positive or negative. 

CoR. The same function of x may be an increasing function 
for some values of x, and a decreasing one for other values. 

Thus, since ?, the derivative of — , is -f when a; < 0, and 

a^ or 

— whena;>0, — is an increasing function when aj<0, and 
or 

a decreasing function when a? > 0. 
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32. When the change of y is uniform, it is evident that — 
is the rate of change of y. When the change of y is variable, 
the value of -^ evidently lies between the greatest and the least 
values of the rate of change of y during the time A^ ; hence, the 
smaller A^ is taken, the nearer -^ approaches the rate of change 
of y at the beginning of A^ 

Hence ^^™^* f^l = I ^^® ^^^ ^^ change of 2/ ) dy . , ^ . 
' A« = 0[^j^^ J I at the beginning of An . di ' ^ ^ 

J limit r^"| _ f the rate of change ofi»)_^ x^a 

^'= <^La« J "" 1 at the beginning of An "" df ^ ^ 

Dividing (1) by (2), we obtain, without the aid of a locus, 

limit fAyl^ go 



Applications. 

1. The area of a circular plate of metal' expanded by heat 
increases how many times as fast as its radius ? If, when the 
radius is two inches, it is increasing at the rate of .01 inch a 
second, how fast is the area increasiug at the same time ? 

Let X = the radius, and y the area of the plate ; then y = ttt?. 

dv doc 

.-. dy = 2 irxdx^ or -^ =2 ttx — ; that is, the area is increas- 
ed^ dt 

iug in square inches 27ra; times as fast as the radius is in linear 

inches. When a; = 2, and — = .01 in., -^ = .04 r sq. in. ; that 

dt dt 

is, the area is increasing .04 tt sq. in. a second at the instant 
considered. 

2. The volume of a spherical soap-bubble increases how many 
times as fast as its radius? When its radius is 3 in., and is 
increasing at the rate of 2 in. a second, how fast is its volume 
increasing? 

Ans. The volume is increasing in cubic inches 4 tro? times as 
fast as the radius is in linear inches. The volume is increasing 
72 IT cu. in. a second at the instant considered. 
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3. A bo}' 13 runniDg on a horizontal plane in a straight line 
towards the base of a tower 50 metres in height. He is 
approaching the top how many times as fast as he is the foot of 
the tower? How fast is he approaching the top, when he is 500 
metres from the foot, and running at the rate of 200 metres a 
minute ? 

Let X and y respectively represent in metres the distances 
of the boy from the foot and the top of the tower; then 
t/2 = ic2 ^ (50)^, etc. Ans, 199 metres a minute. 

4. A light is 4 metres above and directly over a straight 
horizontal side-walk, on which a man 1§ metres in height is 
walking away from the light. The farthest point of the man's 
shadow is moving how many times as fast as he is walking ? 
The man's shadow is lengthening how many times as fast as he is 
walking? How fast is the shadow lengthening, and its farthest 
P point moving, when the man is walking 

at the rate of 50 metres a minute ? 

Let AE be the sidewalk, b the position 
of the light, and cd one position of the 
man. Let ae = y, and ac = a; ; then 
2/ — i»:y::|:4; ,\dyz=zi^dx. Again, 
let y = CE, and a; = AC; then y-i-xiyi-A:^; .'.dy^^dx. 

5. The altitude of a variable cylinder is constantly equal to 
the diameter of its base. In general, its volume is changing how 
many times as fast as its altitude ? If, when its altitude is 6 
metres, it is increasing at the rate of 2 metres an hour, how 
fast is its volume increasing at the same instant ? How fast is 
the entire surface increasing at the same instant? 

Ans, \irQi? times, x being its altitude; 54 tt kilolitres an 
hour ; 36 TT centiares an hour. 

6. The altitude of a varying frustum of a right cone is con- 
stantly equal to the radius of its lower base, and the radius of 
its upper base is one-half that of its lower base. If, when the 
radius of its lower base is 4 metres, it is increasing at the rate 
of 2 metres an hour, how fast is the volume of the frustum 
increasing at the same instant ? 
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7. The area of an equilateral triangle increases hew many 
times as fast as each of its sides ? How fast is its area increas- 
ing when each of its sides is 10 in., and increasing at the rate 
of 3 in. a second? What is the length of each of its sides, when 
its area is increasing in square inches 30 times as fast as each 
of its sides is in linear inches ? 

Ans. 15 V3 sq. in. a second • 20 V3 in. 

8. One end of a ladder 20 ft. long was on the ground 5 ft. 
from the foundation of a building, which stood on a horizontal 
plane, while the other end rested against the side of the build- 
ing. The end on the ground was carried away from the build- 
ing on a line perpendicular to it, at the uniform rate of 4 ft. a 
minute ; how fast did the other end begin to descend along the 
building? How fast was it descending at the end of two 
minutes ? How far was the foot of the ladder from the building, 
when the top was descending at the rate of 4 ft. a minute ? 

Ans. 1.034- ft. a minute ; 3.42 ft. a minute ; 10V2 ft. 

9. In the parabola whose parameter is 8, the ordinate 
changes how many times as fast as the abscissa ? What is its 
slope at any point (x, y) ? Find its inclination at the points 
whose common abscissa is i. Is y an increasing or a decreas- 
ing function of a?? At what points does the ordinate change 

numerically four times as fast as the abscissa ? 

4 
In this case, y is a two-valued function ; and - is 4- or — , 

y 

according as y is -f or — ; .*. the -f value of y is an increasing, 
and the — value a decreasing, function of x. 

Ans. -; 1; 63° 26' 6" and 116° 33' 54" ; (i, 1) and (i, -1). 

y y 

10. In the ellipse a^y^ -^h^a^ = a^h^^ the ordinate increases 
how many times as fast as the abscissa ? y changes how 
many times as fast as x at the extremities of the axes of the 
curve ? How can the points be found at which y changes c times 
as fast as X? What is the slope of the ellipse at any point ? 
What, at the extremities of its axes ? Is y an increasing or a 
decreasing function of a;? 
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-^ = T- ; .'. when y changes c times as fast as a?, — = c. 

da? a^ ^2^ o^y 

When X and y have unlike signs, is + , and y is an 

increasing function ; when x and y have like signs, — — is — , 

ay 
and y is a decreasing function. 

1 1 . What is the slope of f = ix^ -^2ai^ a.t (x,y)? What is it 
^orx^2? 3 3^ 

12. What is the slope of y = a^ — cc* + 1 at the point whose 
abscissa is 2? 1? 0? -1? Ans. +8; +1; +0; +5. 

13. At what point on y^ = 2 a^ is the slope 3 ? At what point 
is the curve parallel to the axis of a?? Ans, (2, 4) ; (0, 0). 

14. At what angles does the line 3y — 2aj — 8 = cut the 
parabola y^ = 8x? 

Find their slopes at their points of intersection ; then find the 
angles between the lines having these slopes. 

Ans, tan"^2 and tan"M25, 

15. One ship was sailing south at the rate of 6 miles an hour ; 
another, east at the rate of 8 miles an hour. At 4 p.m. the 
second crossed the track of the first at a point where the first 
was two hours before. How wai3 the distance between the ships 
changing at 3 p.m. ? How at 5 p.m. ? When was the distance 
between them not chancrincr ? 

Let ^ = the time in hours, reckoned from 4 p.m., time after 
4 P.M. being +, and time before — . Then St and 6^+12 will 
represent respectively the distances of the two ships from the 
point of intersection of their paths, distances south and east 
being + j and distances west and north being — . Let y = the 
distance between the ships ; then, 

y^={8ty^{et-hi2y, 

. dy_ 100^+72 



dt [64^2 _^ (6^ + 12)']* 



(1) 
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When y does not change, dyz=0, .-. from (1) , 100 « +72=0 ; 
/. ^= — .72 of 60 minutes = — 43.2 minutes. Therefore, the 
distance between them was not changing at 43.2 minutes before 
4 P.M., or at 16.8 minutes after 3 p.m. 

Ans. Diminishing 2.8 miles an hour ; increasing 8.73. 

33. Velocity is the rate of change of the distance passed over 

by a moving body. Hence, if s = the distance and v = the 

ds 
velocity, v = — (§ 30). If the unit of s is one foot, and the 

ds 
unit of t one second, v = — ft. a second. 
dt 

Acceleration is the rate of change of velocity. 

dv 
Hence, if a = acceleration, a = — (§ 30). 



Examples. 

1 . If s = 2 ^, what is the velocify and acceleration ? 

Here y = — = 6i^ ft. a second ; a = — = 12f ft. a second : 
dt dt 

and the rate of change of acceleration = -^ = 12 ft. a second. 

dt 

2. If ^ = 32.17 ft., s=^t^ is the law of falling bodies in 

vacuo near the earth's surface ; find the velocity and accelera- 
tion in general, also at the end of the third and the eighth 
second. 

A718. a = 32.17 ft. a second ; v = 32.17rft- a second ; 96.51 ; 
257.36. 

3. Given s = at^, to find v and a in general, and at the end 
of 4 seconds. 

Ans, V = -^ and 2 ft. a second ; a = ^ and — -^ ft. 

2Vr 4 4Vf 32 

a second ; that is, the velocity decreases at the rate of ^ ft. 

a second. 
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4. Given 5^ = 8f*, to find v and a in general, and at the end 

*of 8 seconds. 

4 
Ans. V = — - — and i ft. a second. 

5. A point moves along a parabola with a velocitj' -y'; re- 
quired the rates of change of its coordinates. 

Since2^ = 2»a;, ^=-^-. (1) 

dx y 

If s represents the length of the curve traversed, by the 
conditions of the problem, we have 

1=^' <^) 

But <^^d^.d±^di ydx^^( hf_^di \ d^ ,3. 

dt dt dy dt dy dt^ df ^ ^ 

since ds = V(?ar' + di/, § 16, Cor. 2. 

Prom (1), (2), and (3), we obtain 



dt\ p' dt V^ 



which is the rate of change of y. 
In like manner, we obtain 

— = — — ^ v\ the rate of change of a. 

dt Vi/ -h y^ 

Lograrithmic and Exponential Functions. 

34. TJie differential of the logarithm of a variable is the quo- 
tient of the differential of the variable divided by the variable 
itself^ multiplied by a constant. 

Let y = nx; (1) 

then dy = ndx,^ (2) 

and loga y*= log„ n + log„ x. (3) 

* logo !/ is read, " the logarithm of 1/ to the base a." 



LOGARITHMIC AND . EXPONENTIAL FUNCTIONS. 25 

Yvom (1) and (2), 

dy^dx^ (4) 

2/ ^ 
From (3), 

d{\og^y) = d{\og^x). (5) 

From (5) and (4), 

d{\ogay) _ d(\og,x) 
dy dx 

dx 
Whence d(log„a;) bears the same ratio to — that d{\ogay) 

X 

does to i^. Let m be this ratio for some particular vahie of a;, 

y 

as x' ; then d{\ogaX) = m — when x = x\ and d(log, ?/) = m — 

X ' y 

Yfhen y = nx'; but, as n is an arbitrary constant, na;' may be 

any number. Hence, in general, ^(logay) = m-^, in which m 

is a constant.* 

The constant m is called the ModnlTis of the system of loga- 
rithms whose base is a. 

85. Let m and m' be the moduli of two systems of loga- 
rithms whose bases are a and b respectively. If a > 6, 
it is evident that logo re must change more slowly than log^x; 
.'. d(logaX) < d (logftCc) ; that is, 

dx ^ ,dx ^ t 

m — < m' — , or m < m\ 
x X 

Hence, the greater the base of a system of logarithms^ the smaller 
is Us modulus, 

36. Naperian System. The system of logarithms whose 
modulus is unity is called the Naperian system. The symbol 
for the Naperian base is c. 

* See Rice and Johnson's Calculus, p. 39 ; Olney's Calculus, p. 25 ; also 
Bowser's Calculus, p. 29. 
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The differential of the Naperian logarithm of a variable is, 
therefore^ the differential of the variable divided by the variable. 

Thus we see that Naperian logarithms are the simplest and 
most natural for analytic purposes ; and, hereafter, the symbol 
log will stand for the Naperian logarithm. 

37. Tlie differential of an exponents d fanction with a constant 
base is equal to the function itself into the logarithm of the base 
into the differential of the exponent^ divided by the Tnodvlus of the 
system of logarithms used. 

Let y^(f^ then log^y = x logaC ; 

.•.^y = logaCdaj; .•.r73/[=ci(C)] = ^^^daj. 

CoR, In the Naperian system, the modulus being unity, we 

have 

d(c') = c'logcda;; 

also, d(e*) = e'cte, since loge = 1. 

38. The differential of an exponential function with a variable 
base is the sum of the results obtained by first differentiating as 
though the base were constant^ and then as though the exponent 
were constant. 

Let u = y*, then log u = x \ogy ; 

. — = losydx + x-^ ; 
w y 

.-. du = ylogydx + xy'-'dy, 
which is the result obtained by following the rule given. 

39. Logarithmic DifferentiatioiL Exponential functions, as 
also those involving products and quotients, are often more 
easily differentiated by first passing to logarithms. This method, 
which is illustrated in the two preceding demonstrations, is called 
logarithmic differentiation. 
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Examples. 



1. y = log(x'-\-x). 



2. y = log„Vl-a^. 

4. f{x) = x\ogx. 

6. f(x) = (\ogx)\ 

8. 2/ = a^. 



7 2a;-|-l, 

3mar^ 
2(0.-3-1) 

3m 



d2/: 



da;. 



Ucr.\ = 



/'(«) = log a;-f-l. 

X 

X 

/'(aj) = af(loga;+l). 



log?/ = 0;* logic; .-. ~ = oif \-\ogx[oif{\ogx-{- 1 )]..'.<;. 

y ^ 



:, dy = af' xf" 



loga;(loga;-|-l)-|-- 



dx. 



9. v = af". 



(Jy^^^x l_±x\ogx 



dx 



10. y = 



a' + l* 



11. 3/ = log- 



dy_ 1 



12. 2/ = log(loga;). 



daj a;(l +ar*) 
^___1 



13. , = 5. 



14. 2/ = 



Vl+ic 



vT^^ 



dx 


a; log 33 


dy_ 
dx' 


= ©-(H|-.> 


dy = 


da; 


(,l-a!;vi-«2 



In this example and some that follow, pass to logarithms. 
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15. y = - — -— — 



dy_ 



(a-|-,x*)'* dx (a + a;) 

16 



(a'-h^^)^ dy « 2a2--a? , , . «,, 

17. y = log-il-. ^ = ^_. 



l + e* daj l + e* 

18. y = X ^^ «^"(l-loga:) . 

19. y = e'(l-a!»). ^ = e'(l-3ar'-ar'). 

20. y = ^-^". ^ = 



e' + e ' (to (e' + e-')» 

22. 2/=(a*+l)^ di/=2a'(a' + l)logatfa;. 

-23. Which increases the more rapidly, a number or its 
logarithm ? 

L'Jt y = logaOJ, then dy = ^-^dx ; hence log^aj changes faster or 

X 

more gIowIj' than x, according as cc < or > ?n. 

Since, in the Naperian system, m = l,dx= xdy ; that is, the 
number x changes x times as fast as log«a;. 

Rem. The ratio of the rate of change of a number to that of 
its logarithm is variable ; and yet the hypothesis, that it is con- 
stant for comparatively small changes in the number, is 
sufl3ciently accurate for practical purposes, and is the assump- 
tion made in using the tabular differences in tables of logarithms. 

24. If 2/ = logio«? a? changes how many times as fast as y^ 
when X = 2560, the modulus of the Common system being 
.434294? 

dx X 2560 KOftK 1 

T- = — = ,^,^^, = 5895 nearly. 
dy m .434294 ^ 
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25. By means of the formula d{\ogx) = — , find d{af) in 
which n is any number, commensurable or incommensurable. 

Let tc = af*, then log u = n log x ; 

.-. — = n — , or du = 7ix^~^dx. 
u X 

If aj were negative, to avoid logarithms of negative num- 
bers, we would square both members of w = a?** before differen- 
tiating. 

26. In like manner, obtain d{xy)^ d{xyz), and df 

27. Prove that dfMog^' + logc^ = -^^ 

\2a x-{-a J x-'-a^ 



28. Prove that d [log (x -}- VaF±~c?) -f- log c] = 



dx 



V^dfc? 



29. What is the slope of the curve x = logioy, or y = 10*? 
What at a; = 0? What at i/ = 5? 

^"^^ :d^9' '■'+■' ''-''+■ 



Trigronometric Functions. 

40. In the higher mathematics, the unit of angular measure 
is the angle whose measuring arc is a radius in length ; hence, 
if X represents the length of the measuring arc of any angle, 

X 

and r its radius, the angle equals - ; or, if r = 1, the angle =a:. 

r 

In what follows we shall assume r= 1. 



41. The differential of the sine of an angle is equal to the 
cosine of the angle into the differential of the angle, 

Tlie differential of the cosine of an angle is equal to minus the. 
sine of the angle into the differential of the angle. 
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For, let X represent any angle, or its measuring arc, and let 
AC be any value of this arc. If at c the mo- 
tion of the generatrix became uniform along 
the tangent cd, it is evident that any simul- 
taneous increments of its distances from c 
and lines ba and bii may be taken as the 
differentials of the arc, the sine, and the 
cosine, when a = ac ; that is, if cd = dx^ 
ED = d(8inaj), and — EC = d{cosx). Now 
angle edc = abc = x; .'An triangle edc, 
ED[=d(sinaj)]= cos xdx, 
and — EC [ = d(cos «) ] = — sin « dx. 

Hence, as abc is an}- value of x, we have in general 
cf sinaj= cos xdx^ 




QJL 



and 



d cos a;= — sin xdx. 



42. The differenticd of the tangent of an angle is equal to the 
.square of the secant of the angle into the differential of the angle. 
sin X 



For 



tan X = ' 



•. cZtanit* = 



cos a; 
c.osxd sin x — sin xdcosx 



__ (cos^a; + surx)dx 

QOS'X 
dx 2 7 

= — --= se&xdx. 



43. The differential of the cotangent of an angle is equal to 
minus the square of the cosecant of the angle into the differential 
of the angle. 

For cot X = tan ( - -- ^ ) ; 

.•.cZcotaj = sec^(-— aj]cZ[^— ic j= — cosec^ada?. §42. 

44. The differential of the secant of an angle is equal to the 
secant of the angle into the tangent of the angle into the differential 
of the angle. , 



For 



seccc =- 
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• . d sec X = 



cos if 

— (^COSCC 



cosmic 



sin a; da ? 
cos^a; 



= sec a; tan aj da?. 



45. The differential of the cosecant of an angle is equal to 
minus the cosecant of the angle into the cotangent of the angle into 
the differential of the angle. 

For cosec x = sec [ - — a: j ; 

.•.ricoseca; = sec( - —a; jtanf - — a; Vm- — ^ I § 44. 
= — cosec X cotxdx, 

46. c? vers a; = d(l — cos a;) = sin a; cZa;. 

47. d covers a; = d ( 1 — sin x) = •— cos x dx. 

48. To prove these theorems by the method of limits, we 
need the following lemma, which is very useful also in the 
theory of curves. 

Lemma. TJie limit of the ratio of an arc of any plane curve 
to its chord is unity. 

If s represents the length of 
the curve m7i, and pb = dx^ 
vv = ds ; and if pc = Ax, arc 
pap' = As. Since s is a function 
of a?, we have 

limit fAs"|^ds^ 
dx 



mit fAs"! 
^ = 0LAa;J 

T^„t limit rehordppT _ ds 

since 3^™? ^ fsec cppH = sec bpd, 
Ax = ^ -" 




ng. 13. 



Hence, by division, we have 



limit r ^^ 



As = 0^ehord 



— 1 = 
L'd pp'J 



1. 



§9. 
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Cor. Since one-half of the chord of an arc whose radius is 
unity is the sine of half the arc, 



limit fsin X 



]=.: 



49. To prove that d sin x^cosx dx by the method of limits. 
Let y = sin a; ; 

then Ay = sin (x 4- Ax) — sin x. 

But, from Trigonometry, we have 

sin a; — sin y = 2cos^(a? + y) sin^(a? — y). 
/. Ay = 2 cos (a; -f- ^ Aa;) sin ^ Aa?. 

,.^ = oos(x-^iAx)^^. 
^^^ aL'^ ^^^ (^ + * ^^)] = cos a? ; 

dy 
.'. -^ = cosaj. 
da; 

The other theorems can be proved in like manner. 

Examples. 
Differentiate : 

1. sin aa;. Arts, a cos axdx. 

rt x dy \ . X 

, a dx a a 

3. y = cosa^ = cos(a:^). dy= — Sa^sina^da;. 

4 . f{x) -- tan"* a? = (tan aj) "*. /' (a?) da; = m tan'*"*^ sec^ x dx. 

,, .__l+sina.- 



5. /(a;) = tan a; + sec a;. f{x) = 



COS'' a; 



.. • /I \ dv cos (log a;) 

6. 2/ = sin (log a;). -^ = — A_ii__i. 

dx X 
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7. y = log(tana;). ^ = ? = ^ . 

dx 2 sin « cos « sin2aj 

8. 2/ = log(siiia;). -^ = cota?. 

9. y = log(cota;). ^ = ?_. 

(^ sin 2a? 

10. y=Lzi?5^[=co8a;-8ina;]. 

sec a? 

1 1 . y = aj»e"^'. (iy = af*- Vi»«(n -f- x cos aj)da:. 

12. y = sin(?iaj)8in'»a?. d2^ = risin"-^ajsin(?ia;-|-a;)da;. • 

13. 2/ = e* log sin a?. c^y = e*(cota; + logsinaj)daj. 

14. y = tan (log a;). 

15. 3/ = log sec a?. 

16. y= ^^^^ . 

2 sin^a; 

17. 3/ = 4sin"*aa?. (?y = 4 am sin"*-^aaj cos oajc^a;. 



18. y = af^'. 



dy 
dx 



=f^°'(^ + loga?cosa:\ 



19. y^{sinx)^'. ^ = {Bmx)^'{l+Bed'xlogsmx). 



dx 



1 



OA ^ r ^2^— a'sec^a'logg 

21. y^^^^t^nx + x. ^ = tan*a?. 

3 da? 

22. y = 6^-+'>'sina?. g = e(-+')'[2(a+a?)sina?+co8a?]. 

23. 2^ = e-«*^ cos rx. ^ = -e-«*«* (2 a^x cos ra? + r sin ra?) . 

(tx 



24. y = taaVin^. ^^ -(secVTr^', 

<^ 2Vl-a! 
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25. Are sin a;, cos a;, aud tana; increasing or decreasing func- 
tions of X? 

d cos ir = — sin a? do? ; and — sin x is positive when x is of the 
third or the fourth quadrant, and negative when x is of the first 
or the second ; hence, cos x is an increasing function when x is of 
the third or the fourth quadrant, and a decreasing function when 
X is of the first or the second, d tana; = sec^xdx^ and sec^a; is 
alwa3"s positive ; hence tan x is an increasing function of x 

between its limits of continuity ; that is, between a;= — ^ aud 

a; = -, etc. 
2 . 

26. At what values of x does sin x change as fast as a;? At 
what values does cos x? tan x? cot x? 

Ans, sin x does, when a; =• and ir ; 

cos X does, when a; = - and I^tt. 
2 ^ 

27. If the change of x and cos x became uniform at 30®, 
how much would cos x decrease while a* increases from 30° to 
30M5'? 

Let y = cos x ; then dy = — sin xdx — — ^dx^ when x = 30®. 

Let da; = 15' = ^'^^^^^ =.004363 ; then dy = - .002182. 
180x4 

Hence cos x would decrease .002182. This is evidently less 
than the actual decrement. 

28. A vertical wheel whose circumference is 20 ft. makes 5 
revolutions a second about a fixed axis. How fast is a point 
in its circumference moving horizontal l}-, when it is 30® from 
either extremity of the horizontal diameter? 

Ans. 50 ft. a second. 

29. What is the slope of the curve ?/ = sina;? Its inclination 
lies between what values? What is its inclination ata; = 0? 

Whatata; = -? 
2 

The slope = cos x ; hence, at any point, it must be something 
between —1 and -f-l inclusive. Hence, the inclination of the 
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curve at any point is something between and -, or something 
between f tt and v inclusive. 

Ans, -; 0. 
4 

30. What is the slope of the curve y = tan x? Its inclination 
lies between what values? What is its inclination at x = 0? 

Whatata; = -? 
4 

Ans. sec?x ; between - and - inclusive ; - ; 63° 26' 6". 
4 2 4 



Anti-Trigronometric Functions. 
clx 



•50. d(8[n-^x) = 

Let y = sin ^aj, then x = sin y ; 



.-. clx = cosydy = Vl — sin^ydy = Vl — ar^cZ^. 

.•.dyC=d(sm-'a;)] = -i^. 
Vl — ar 

61. d(cos-^a;) = d /^- - sin"^ ar^ — — § 

62. d(tan-ia;) = -^. 

l + ar^ 

Let y = tan"^a;, then a; = tan y ; 

.-. dx = sec^ydy = (1 -f- tan*y)dy = (1 4- a^)c?y. 
.•.dy[=d(tan-^a.)]=^. 



50. 



* To avoid the ambiguity of the double sign ±, we shall, in these formu- 
las, limit sin-^ ar, cos-^ x, etc., to values between and -. They may be 

made general, however, by writing the double sign in the second member 
of each. 
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68. d(cot-^a:) = dg-tan-ia:) = -j^- 
64. d(8ec"*aj) = 



Let y = sec'^a?, then x = secy ; 



.-. da; = secy tan y dy = a?VV— T dy, 
/. dy[=d(sec~*a?)] = 



a;V?--T 



66. d(cosec-^a;) = d('^-sec-^a:V T7 

V^ / xWar— 1 



66. (/(ver8-^a;) = — 



Let 2/ = vers'^a, then x = vers y ; 



. cZa; = sinydy = y/l — QO&^y dy 



= Vl — (1 — vers y)^ dy 



= V2 vers y — vers^y dy 



= V2a; — ar^ dy. 

da; 
, dy [= d(vers~^a;)] = 



67. d (covers-* a;) = d /^| — vers"* a; j = . 



V2a;-ar^ 
Examples. 



1. Prove that df sin-V? ) = ■ ^ - 



d^^ 



d/^sin-^^U , ^^^ , = -7^^=' §50. 
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2. Prove that d/^cos-i-V — — : dftan-"-^ = - 

cZ[ cosec"^- ) = ; fZ{vers"^-) = 



adx 



dx 



V2 aa; — XT 



,/ _iic\ die 

dl covers - ) = » 

V «/ V2aa;-af^ 



3. y = a;sin"^a:. 

4. ?/ = tanajtan~^a?. 



^^ Vl - aj' 

da; 1 -h ar 



K * -1 2a; 

5. y = tan'3-^. 



=; ftin ^ . 



G. y = sin 



i. yz=z sec" 



V2 
1 



2a;2«i 



8. y = co8 *— 



9. y = tan~\n tana;). 



10. t/ = a;''" '. 



d2 


2(l-ar^) 


dx 


l-|.6a;2^^4 


^^ 


1 


da; 


Vl-2a;-af^ 


d^_ 


2 


da; 


Vl-ar^ 


dy_ 
dx 


2naf-' 

a;2» + l 


dy__ 


?} 


dx 


cos^a; + n2sin2a; 


^ = 


,„-i./sin-^a; , 



11. A wheel whose radius is r rolls along a horizontal line 
with a velocity v' ; required the velocity of any point p in 
its circumference ; also the velocity of p horizontally and 
vertically. 



38 DIFFERENTIATION. 

Let APX (Fig. 14) represent the cycloid traced by the point r, 

referred to the axes ax and 

7 ^y^^^^^r^ "^"-^ ^^ » *^®^ ^^ ^^ horizontal 

and vertical velocities of p 
be the rates of change of x 
and y respectively, d be- 
lt ing the point of contact, 

AD = r vers"^^* Since the 
r 

centre is vertically over d, its velocity is equal to the rate of 
increase of ad ; 

.'. .' = JYrvers-^2') = " ^. 
dX \ r) y/2ry-f^t 

/. y _- ?]^JZJli;' = the velocity vertically. ( 1 ) 




Since ae = ad — ph, and ph = Vy(2r — y), the equation of 
the cycloid is evidently 

X = ?*vers~* V2 ry — if. 

/. dx = — y dy, 
\Jlry^f 

Dividing by dJt^ and substituting the value of ~^, we have 

^ = I ^ -. -^ = -,^' = the velocity horizontally. (2) 
From § 16, Cor. 2, and equations (1) and (2), we have 

ds l2v 
1 .•.~=^— 'y' = the velocity of p; (3) 

for the velocity of p equals the rate of increase of s. 

* The symbol — indicates the operation of taking the deriyatiye wit); 
respect to L 
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From (1), (2), and (3), we have, 

if y = 0. f = 0, g=0, andj = 0; 

dt dt dt 

if y=r, ^ = v\ ^=i;', and^ = V2i;'; 

d^ ri^ dt 

if 2/ = 2r, ^ = 0, ~ = 22;',and— = 2«'. 
a^ dt dt 

Hence, when a point of the circumference is in contact with 
the line, its velocity is zero ; when it is in the same horizontal 
plane as the centre, its velocity horizontally and vertically is the 
same as the velocity of the centre ; and when it Is at the highest 
point, its motion is entirely horizontal, and Its velocity is twice 
that of the centre. 

Since J=.l§[v=2^„r. 

dt \ r r ' 

dt 

Hence the velocity of p is to that of c as the chord dp is 
to the radius do ; that is, p and c are momentarily moving 
about D with equal angular velocities. 



Miscellaneous Examples. 

1. If y=/(a;), show that 

limit r^l^ limit r Aa? H- Aa?) -/(a;) l ^, . 

2. FindA/^ ^ \ Ans. ;-j^-^ 



3. Find 4r7T-^iTil* 7r-'::^i 

da?|_(l -^aj2)ij (1-a^)* 
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f(x) = (2x-5)e" + i(x + l)e;'+l. 

5. y = logtan->a!. ^ = 1 

dx (l-|-a!»)taii-'a: 

6. Find|[«?-81og(l + a^)»]. j^. 

7. j, = £l26?+log(l-a,). f^=77^- 

1— a? ov / ^ (1— a;)2 



8. Va^ -h g' 4- V?Ty 

da; a2-6\ ^ \aj2-|. 6=*^ Ma^^-i-aV 
Rationalize the denominator before differentiating. 






10. y=J ^-^ - ^y= -^x{2-^) , 

\(H-i»*)» da; Vrr^V(l+a!*)' 



11. y = {x-\-Vl=^)\ ^ = n{x + ^\-o?r' ^^ .^-^ -- 

ax V 1 — x^ 

12. , = iog(ViT^+VW). |=i(i-^). 

__ (sin na?)"* dy __mn (sin wa;)*"~^ cos (ma? — waj) 

(cosmaj)" (/«"" (coswiaj)""*"^ 



14. y = vT+^+VCT. ^y^ 2A^ 1 Y 

15. 1/ = tan ^ _ 4- log - ' - ^ — 



^x-\-a dx y^ — a^ 



a \x-\-a 
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16. y^^ec-^—^ ^ = 



17. f(x) = (a^ -f ar*) tan-^-. f(x) = 2a?tan-i- + a. 



19. t^ = sin-^i:=l^. ^= L_. 

^ l-f-o" dx l-f-a^ 

20. Find ^(e«»sin- raj). 

oa; 

/' (x) = e*** sin"*~^ rx{a sin ra + mr cos rx) , 

21. ?/ = Iog(2a;-l + 2Var^-a;-l). ^= ^ 

da; Var^ — a; — 1 



22. y=cos-i^±^£25£. dy = . 



4c7.T 



5 + 3co8a; 5-|-3cosa; 

23 . /(«) = e(«+*>* sin a;. /' (a;) = e('*+'>' [2 (a -f ») sin a? + cos ar] . 

nhx^^^dx 



24. 2/ = log[log(a-t-6af)]. dy = 



25. y ^\og(\±^ - \tsxr^x. dy=z 



(a + bx") log(a -f &•'«'*) 



26. y = sin-i±l5. dy = ^^ > 

Vl3 ' Vl-3a;--ar^ 

27. y=e^tan-^a?. ^ = e'*r— ^ + aftan-^a?(H-loga;)1. 

da; Li -h ar J 



28. x = eir. 



y 1-f-loga; dx (1-f-loga?)^ 
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2'. y = 7 



1 + 



M ^ 



1 -h etc. to infinity. 



i+y' ' V?Ti 



30. y = log(x + V^^^) 4- sec-^?. ^- = L m. 

a da; a; \ a; — a 

31. y=iog>^IHZ±^V2. ^= :^^ 

32. 2/ = logJ^I±^+^. ^ = _i 

y = ilog ^l±^ ±^=log(Vrf^4-a;). 
Vl -f a;^ — a; 

33. Given/(a;) = 3a;2__^_^6. to find /(y), /(a), /(2), /(O), 

/(^ + 2/). 
When, in connection with the symbol /(a;), expressions like 
/(2/)i /(«)» /(2)» /(0)» /(«+2/) are employed, they denote 
respectively the results obtained by substituting y, a, 2, 0, and 
x-^-y for X in the value of f(x) . Thus here f{y) = By^—y-^6, 
/(a) = 3a2-a-f-6, /(2) = 16, etc. 

34. Given <l>(x) ==40^'- 01^] find <^(2), <^(6), <^(1), <^(3), <^(0). 
Given /(a; -f 2/) = a'"^*' ; to find f{x) , /(y) , /(5) . 

35. Find d/(a + a;). f{a + x)d(a-{-x),orf\a-}-x)dx. 

36. Find df(ax). , f\ax)adx. 

37. Find A/f^). f'f^Y^. 

dx \aj \aj a 

38. Find d/(a; + 2/). f (x -}- y) {dx -\- dy) . 



CHAPTER III. 
INTEGRATION. 

58. A function or variable is called the Integral of its differ- 
ential. Thus, a^ is the integral of 3 o^dx ; and /(cc) -}- C, C being 
any constant, is the integral of f'(x)dx. 

Integration is the operation of finding the integral of a 
differential. 

The problem of differentiation and the inverse problem of 
integration ma}' be stated also as follows : 

That of Differentiation, or of the Differential Calculus, is. To 
find the ratio of the rates of change of a function and its variable. 

That of Integration, or of the Jntegi-al Calculus, is. Having 
given the ratio of the rates of change of a function and its vari- 
able^ to find the function. 

The sign of integration is J . Thus, J in J 4a^dx indicates 

the operation of integrating Aa^dx. Hence, d and J , as signs of 

operation, neutralize each other. For example, J d{x^) =oi^^ and 

d J 3 x\lx = 3 a^dx. The whole expression J 4 x\lx, read ' ^ the 
integral of Aar^dx" represents the integral of iMx. 

59. Elementary Principles. 

I. Since dC = 0, (7 being any constant, J 0=(7. 

Hence, as may be added to any differential, the general form 
of its integral will contain an indeterminate constant term. 

In the Applications of the Calculus, this constant term is 
eliminated, or determined from the data of the problem. 

II. Since d(ay-}-ac) = a dy, 

.'.jady=:J d{ay -f ac) = a{y -f c) 
=za}d(y-^c)=zayly. 
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Hence, a constant factor can be moved from one side of the 
sign of integration to the other without changing the value of the 
integral, 

III. Since d{x -- y -^ z -^ c) = dx -- dy -{- dz^ 

.-.J (dx — dy-{-dz)r=x^y-^z-}-c 

= jdx — yly -h )d{z -h c) 

= J dx — J dy -I- J dz. 

Hence, the integral of a sum of terms is eqvxd to the sum of 
the integrals of the terms, 

60. Frmdamental Fonntilaji. Since integration is the inverse 
of differentiation, general formulas for integration may be 
obtained by reversing the general formulas for differentiation. 

1. J^=loga;-f logc,* •.•d(loga?-f logc) = ^- 

2. ^aaf'dx^^^^^C, - r d(^^ -{■ G\ ^ oaf' dx, 

3. J a'loga(2a; = a* + (7, •.•d(a'-|- C) = a*logac2a?. 

4. J co8a;dic = 8inic-|- (7, •.• d(8ina?+ C) = cosa?c?ar. 

5. J — siuajda; = cosa;-|- C. 

6. J sed^xdx = tana; -f (7. 

7. J — cosec^a;cZaj = cota?-f (7. 

8. J secajtanccda; = seer -f- (7. 

* When the integral is a logarithm, it is customary to write the indeter- 
minate constant term as a logarithm. 



FUNDAMENTAL FORMULAS. 
9. J — coseca;cotaJc?i» = coseca; -|- C. 
*10. j &\nxdx = versa; -|- (7, or — cosa; -f C. 
*11. I — co8a;f/a; = coversaj+ (7, or — sina;-f- (7'. 
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12. 



f ^^ =siD-^a;-|- 



C. 



♦13. r-_^ = cos-^a;4-C, or -sin-^aj-hC?'. 

14. r_^ = tan-^a;+a 
J 1 + ar 

♦15. r.:^i?^, = cot-^aj 4- O, or - isnv^x + (7'. 

J 1 + ar 



16 



dx 



. = sec"^a;+ (7. 



•^ x'wW— 1 

17. f — ^^ = cosec-^a; 4- <7, or — sec-^a? -f C". 
J x-s/^ - 1 

/c7a? 



18. 



V2a; — a^ 



■ = vers"^a;-|- (7. 



♦19. r ^^* = covers-^aj + (?, or - vers-^a;-h G\ 
^ V2aj-a^ 

The differentials in these nineteen formulas are the funda- 
mental integrahle forms^ to one of which we endeavor to reduce 

* Two integrals having the same or equal differentials must change at 
the same rate ; hence they must be equal, or have a constant difference. 
The constant difference between the variable terms of the integrals in the 
last four starred formulas is evidently ^ ; for, when ar < -, 

cos-^x + sin-1 a: = -, cot-^ar + tan-^a: = -, etc. 

The starred formulas are not necessary, since the second integral in 
each is given by a previous formula. 
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every differential that is to be integrated. The processes of the 
Integral Calculus are largely a succession of transformations 
and devices to effect this reduction. 

61. To facilitate the application of formulas 1 and 2, they 
may be stated as follows : 

I. The integral of a fraction zvhose numerator is the differen- 
tial of its denominator is the Naperian logarithm of the denomi- 
nator^ plus a constant, 

II. Whenever a differential can he resolved into three fad^ors^ 
— VIZ., a constant factor^ a faxior which is a variable with any 
constant exponent except — 1 , and a factor which is the differential 
of the variable without its exponent^ — its integral is the product 
of the constant factor into the variable with its exponent increased 
by 1, divided by the new exponent^ plus a constant 



Examples. 
Find 




1. jaafidx. 


Am. S^ + C. 

7 


2. jbxhdx. 


^bxi + C. 


3. §2x^dx. 


ixi + C. 


4. j iiax^ - ^ba^)dx. 


aid — bxi + C. 


^■S'-f'f*'-'^- 


-x* + C. 


-f$-ih 


6 , r, ^ 


'•/t 


2Vi+C. 


«-/(^+5)*'- 


4 y/x 
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9. C^. 2 + C7. 

J af (l-n)a-^ 

10. Jft (6 aaj« -f 8 6aj8) « (2 oa; + 4 6«*) (ia?. 

Since d (6 aa^ + 8 6«*) = ( 12 aa;-f 24 &aj*) da?, we see that 
the differential factor (2aa; + 4&a^)c2a; must be multiplied 
by 6 to make it the differential of the variable 6aa? -f 86aj^. 

.-. r6(6aaj* + 86a5»)«(2aaj + 46«*)(«a? 

= f- (Goa? + 8&a:»)«(12aaj+ 24 6a^) (to 

=— (6aa« + 86aj»)i + C. § 61, IL 

16 

11. Cla(ax + ba^)idx + 2b(ax'{'ba?)ixdx]. 
Cla{ax'^bar)ldx + 2b{ax + bx^)ixdx] 

= C{ax + ba?)i{a + 2bx)dx = f (aa; + bsi^)^ + C. 

12. C (2a + dbxydx. -L(2a-f36aj)*+ C. 

^^•/(^»- |(a« + ^)» + ^. 

14.J'(l+fa!)i(to. ^(1 +1-8)1+ C. 

15. r(6a;*+2a!«-5)(3a!'-l)da!. l^-ll^ + Sas+C. 
•/ 7 3 

16. I . log(a; — a)-f logc, orlog[(a? — a)c]. 

J x — a 

17. f^::^. 

Ja+bdf' nbJ a + bxT nb ^^ J-r e, 

''■St^5 log[(10^ + 15)*c]. 
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19. ri^^. 



20, 



J Sa- 



bhxdx 



6ba^ 



log 2 

9/ or [_ 3ir or J 

22. r(6-ic2)3^^^ |63a^_^52a.j^^5^_^ajy^Cr^ 

23. j cota?c?a; = I —, • log(c8iiia?). 

^ dx ' 

24. f-^ = fi . 

•/ a; log a; ^ »/ log a?_ 

25. CV2pxdx. 
2Q. J2iry(t+i^dy. 
97 ( ^•~(2aa? — a;^)cfa? 

28. r(2a?*-3iB*+l)Ka^-i«)<^- 1^(20?* -3«2^i)|^(;^ 

29. I sin X cosa? da;. ^ sin' a? -f C 

30. r(loga?)»^. i(loga?)* + logc. 
J x 

31. fa^'loga da? [=ira*' logaScZajJ. ia^+0. 

32. fOoga;)-^. _L^(logar)~+i + logc. 



log(logaj) + logc. 
|a?V2^-f (?. 

-.i(3aa;2_^)l^(7^ 



33. 



/<■• 



cte. 



41oga 



a^+C- 
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34. jVda?. 






ne- + C. 


35. r'^°?/r= f^nesecOde]. 




secO-hC, 


Se.Cae^dx. 






2e- + (7. 




37.Ccd^dx. 






21oga 


38. Cco&{7nx)dx =— j cos 


(mx)mdx . 


-isin(maj) + C. 
m 


39. CQec^{mx)dx. 






1 tan (ma?) + (7. 
m 


40. 1 sm^a;oosa;c2fl;. 






iBin*aj+C. 


41. rsin8(2aj)cos(2aj)da?. 






i8in*(2aj) + (7. 


42. rcos*(3aj)sm(3a;)da?. 






-T^C08«(3a;)+C. 


43. C&e(f{a^)a^dx. 






itana;3^Cf, 


AA.C7&ed'{a^)xdx. 






Jtana*-fO. 


45./log.|. 






i(l(^a?)* + logc. 


^g r sinajdto ["_ 1 /*- 
* J a + ftcosa? 6 J a 


6 sin a; da; " 
+ &cosa?_ 


log ^ .. 

(a + 6cosaj)* 


47. r5sec(3aj)tan(3aj)(to. 






|sec(8a:) + (7. 


48. r5cos(a+&«)cZ». 









49. C4:co8ec(ax)cot(ax)dx. 






4 
— cosec(aa?) + C. 
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50. Tc^*' sin a? da?. —€«>•. ^(^ 

61.Ce^^'oo9xdx. ie^'^' + a 

''■S^^i^ .^[(.+....)o]. 

56./!!^. f-. + tau-'. + C. 

57. r ^"'^ ■ (g + to-y- ^^ 

J(a+6a!")"' &n(l— m) 

^^•Siifl' log[c(3a^ + 7)A]. 

62. Auxiliary Formulas. By integrating the equations in Ex- 
amples 1 and 2 of § 57, and those in Examples 27 and 28 of 
§ 39, we obtain the following auxiliary formulas for integration : 

(a) Cj^ = lt.n-^UC. 
J a^-\-a^ a a 

J Qir — a* /ia x-\-a 

(c) r_^= = sin-»5 + C. 

(d) f— ^= = log(ar+V^±^) + logc. 
•^ Var ± or 
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(e) I — :3z= = -sec^-+C7. 

(f) f ^^ ==ver8-ig4-(7. 
•^ V2aa? — aj* « 

If the diflferentials in these formulas were negative, we would 

evidently have cos"^-, or — sin"^-, in place of sin"^?; 
a a a 

log^±^, or log^L±-?, in place of log^"^; etc. 
x — a a — x x+a 

Examples. 

1. Deduce formulas (a), (c), (e), and (f) of § 62, from 
formulas 14, 12, 16, and 18 of § 60. 

dx 

dx 
(e) r_^==ir_L_=lsec-? + C. 

2. Deduce formulas (b) and (d) of § 62 from formula 1 of 
§ 60. 

Since 1 =±f_^-4_); 

.-. C-^ J- cj^-i. rj£.=±iog£=«+(7. 

J Qi? — a^ 2a%/a?— a 2aJ x-\-a 2a x-^-a 
To deduce (d) , assume 'Vof±a^ = « — a?. 
.-. ±a« = 2«-2a». 
.•.(^-ic)d;? = ;2dx, or ^^_^^_^ 



DC C 
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Here a: of formula (a) = bx, and a == c. 

6. r ^ f- C ^(^) "1. J-sec-i^ + O. 

•^ V8ca!-c«ar'L <'•' V8(ca!)-(ca;)*J c 4 



3. r ^ r= r. 



■/: 



da? 



dx 






-y/(aa! — a;') 



J f^ 



da? 



sin ^ J- (7. 



"■ /?-., _t-,. - tim-(2»-l) + 0. 



da; 



Vft'a^-a^ 



-/: 



c2a? 



V(2a6a?-&2^) 



1 _i6a; , XV 

-sec^ h 0. 

a a 



Ivers-i^ + a 
a 
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16. f '^ r= r , '^ 1- sm->(2a!-3)+C. 

16. f ^^=[= f ^ 

logfx + ^+y/a^ + x-hA + logc 

/ xdx 

r dx 

J l^x + i/ 



17 



18 



ilogj-pi+logc. 



19 



20 



21 



22 



2 , _i2a?+l , ^ 
__tan 1 — ^ + 0. 

V3 V3 






— dx 



■^) 



r da? 



y/ax — a^ 



n"*cos~^-+ (7. 
c 



vers^ h 0. 

a 



/ —xdx 
-y/cx — a^ 



.-i2^_ 



2 c 



23 



24 



/ —xdx __ r c — 2x — c ^ _ /^ (c— 2a;)da? c / * da? 
-y/cx — xF •^ 2^/cx — a? ^ 2-\/cx—7? 2«/ -y/cx—a^ 

f. 



/: 



dx 

V2 aa; + a;* 



-— log (a;Va + Vaa;' — 6) +logc. 



log (a?+ a + V2 ax + a;^) + logc. 
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^«-/^^- W.2+|.og,a.+^,+a. 
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*^a;V3af'-5 V ^V 

32. n^Zl^da?. («2-a0i-asec-i- + O. 

A fractional differential may often be separated into integra- 
ble parts, or reduced to an integrable form, by multiplying its 
numerator and denominator by the same quantity. 

J v^r^x L ^ vi-x^J 



sin-iaj-(l-a^)J+0. 



34. C2ll±± dx. sec-i- + log (a? -f- Var^ - a^) + log c. 

•^ x-yjx — a ^ 



TRIGONOMETRIC DIFFERENTIALS. 
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63. Trigonometric Differentials. The following trigonometric 
differentials are readily reduced to known forms. The forms 
in the first seven or eight examples should be especially noted. 



1. Find 



J sin a; 



An8» log tan (\x) + (7. 



/ ' dx ^ r ^« rsec^(^a;)^da; 
sin a; J 2 sin (\ x) cos (|- x) J tan (^ x) 



2 sin (^aj) cos 
= log tan (I a?) H- a 

•Jcosa. ^sing + oj) 

3 c ^^ r= r^^^^^^ T 

J sinajcosa; [_ J tana; J 

4. j cos^a;daj[= J (|- + ^cos2a;)c2a;]. 

5. |sin^a?daj. 

J L •^ ^^"^^ J 

7. jtana;c^. 



logtang + |) + 0. 



log tan x+C*. 



■+isin2aj+a. 



^-isin2aj + 0. 



dx 



log sin x+C^ 

— log cos a? + 0, or log sec x + C, 

tan X — cot a; + 0. 



8.r- 

J s 

J sm^ajcos^aj •/ sm^ajcos^^a? J 

9. |sin*a;da?. 

j sin* ajda; = j (1 — cos^aj)^sinaj(?a; 

= — I (1 — co8^a;)^d(cosaj) 



cosa; H- -Icos^a?- 2^ + a 
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In like manner, j sin^'xdx and j cos** a; da; can be found, when 
n is an odd positive integer. 

10. j Bui^xdx. ^cos'a? — cos a; + C. 

11. j cos^a; da;. sin a; — ^ sin^a? + C 

12. j cos* a?daj. sin x — ^sin^a; + ^sin^a; + C. 

13. j sin* a? cos^a;daj. Jsin^aj — ^sin^a? + C. 

I sin* a; cos^ajda; = j sin* a? (1 — sin* a?) cos a; da;. 

In like manner, j sin"* a; cos" a; da; can be found, when either 
•m or n is an odd positive integer. 

14. j sin^ X cos® x dx, \ sin* a? — ^ sin^ x+C, 

15. j cos* a? sin® a? da;. — ^cos*a;4-i|^cos^aj + (7. 

-g r pos^xdx r__ (1 — sin* a;) d (sin a;) "] 1 1 ^ 

*J sin* a? |_ sin* a; J sin a; 3 sin® a; 

17. C^^^f^ dx. seca; + cosa;+(7. 

•/ cos^a; 



18 ■ -"' 



19, 
20, 



r?lH!^cto. Xsec^a; - isec*a; + 0. 
•/ cos® a; 

r^lHlf da;. 4sec®a; - Isec^a; + C. 
J cos^a; 

r?15l2c?a;. 4tan*a; + itan®a; + G. 
J Q08rx 

I ?l!L£(ia;= j tan* a; sec* a; da; = j tan* a; (tan* a; + 1) sec* a; da;. 



EXAMPLES. 67 

sin"* OS cos** X 

In like manner, dx or -: cZa? may be integrated, when 

eos**aj sm"a? ® 

m — n is even and negative. 

21. r5^(^. -Icot^oj + C. 
%/ sin (2/ 

22. r?^daj. itan«a: + 0. 
J cos^a; 

23. f-^- tana? + 4tan»a?+0. 
J cos* a; 

24. rtan*a;c2a?[= j (sec^aj— l)cto]. tanaj — aj+0. 

25. |cot*a?da?. — cota; — a? -|- (7. 

26. I tan'^xcto. ^ tan^a? -f- log cos a? + C. 

27. I cot*a?cto. ' — ^cot^a; — log sina? + 0. 

28. j tan*a;daj. 

J tan*ajcto= j (sec*a? — l)tan'ajctos= Jtan*aj— I tan^ajda? 
= ^tan*a; — j (sec'aj — l)tan xdx 
SB ^tan*a; — | tan^a? — log cos x-\- C. 

In like manner, tan^xcto and cot"*a?da? may be integrated, 
when m is a whole number. 



29. rtan*a;da?. 


^tan^a? — tana? -{•x + C. 


30. j cot*ajda?. 


— ^cofa? + cota? + x+C. 


31. jtan'ajdlaj. 


Jtan*a? — | tan* a? + tan a; — a? + (7. 
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82. Ccoifxdx. — Jcot*ic4-icot'a; + logsina;+C7. 

64. Definite Integrals. All the integrals yet found contain the 
indeterminate constant term C, and are called indefinite integrals. 

When C is eliminated, or determined for any hypothesis, the 
integral is called a definite integral. 

When, from the data of a problem, we know the value of the 
integral foi- some particular value of its variable, C can be 
determined. For example, suppose that du = 2axdx^ and that 
t* = when a? = 2. 

Since du = 2ax dx, u = aa? + C. 

Since w = when aj=2, = 4a+C 

Hence, C= — 4:a^ and u = cue* — 4 a, a definite integral. 

If, in any indefinite integral, two different values of the vari- 
able be substituted, and the one result subtracted from the 
other, C is eliminated, and the integral is said to be taken be- 
tween limits. The symbol for the definite integral of <l>{x) dx 

between the limits a and & is I Kt>{x)dx; a and b are called the 

limits of integration, a being the inferior and b the superior 

limit. The symbol | indicates, that the following differential 

is to be integrated ; that a and b are separately to be substituted 
for the variable in the indefinite integral; and that the first of 
these results is to be subtracted from the second. 

In what precedes, we assume that the integral is continuous 
between the limits a and b. 

In the indefinite integral, neither limit of integration is fixed 
upon. In the^r«^ form of the definite integral, only the inferior 
limit is determined, and the integral is still a function of the 
variable. In the definite integral between limits, both limits are 
fixed, and the integral ceases to be a function of the variable. 

Examples. 

1 . Given dy = ( 1 + f aa) i dx ; find the definite integral on the 
hypothesis that y = when a? = 0. 
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.•.. = 2f^(l+l-)'-2f„- 

2. Given dy =^ (7? — Vx)dx\ find the definite integral, if 
y = when as = 2. 

Ana. y = ^-^ + 26«-4. 

3. Given dy = — - -^ ; find the definite integral, if y = 

X 2 —a? 
when 0? = 1. Ans. y = log (2aj — a?*) . 

4. Find fniccto. Ans. ^(6* -a*). 

5. feaj^daj. 24. 

6. C\ax'^a^)cUc. ^ ^ 

7 r ' <^ ^. 

* Jo a^ + o^ 4 a 

g r* da; X 

[xar* + C denotes the value of 2^^ + C when x = a. 
2 J. 2 



lO.l^dx. ' b'-^-a'^^ 
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•r- 

11. Ce—'dx. 

Jo -y/ir — y 
13. rJL(j^_62)«cJy 

14. r^. -t 



n + 1 


1 
a 


8r. 


256 Try 






12 



Applications to Q^ometry and Mechanics. 
Eectification of Curves. From § 16, Cor. 2, we have 



ds = ■\/da^ + dy^ ; 



This equation is a general formula for the rectification of any 
plane curve ; that is, for finding its length. 

Examples. 
1. Rectify the semi-cubical parabola ^ = aa?. 

®^®daj"" 2y ' "da? 4 * 



^^f[^+^^^=-if(^ + ^<^)^^ 



So long as the point from which s is measured is undeter- 
mined, C must be indeterminate. If the length of the curve 
be estimated from the origin, s=iO when x = 0. 



AREAS OP PLANE CURVES. 61 

Substituting these values ofs and a; in (1), we have 

27a 27a ^^ 

If, in (2), a=slanda? = f, « = 2^; that is, the are oifzuo? 
that lies between the origin and a; = |, is 2^ in length. 

For the length of the arc, the abscissas of whose extremities 
are h and c, we have 

•^ 27a 

2. Find the length of a branch of the cycloid 

oj = r vers~^-*^ — V2 ry — y^, 
r 

Here^=-X_; .•.fl + ^*= V27(2r-y)-i. 
df 2r — y \ dfj 

.•.2AK(Fig.l4)=2j["(l + g)W 

= 2V2r r(2r-y)-4dy = 8r. 

Hence the length of a branch is eight times the radius of the 
generating circle. 

66. Areas of Plane Curves. From § 14, we have 
dz = ydx ; 

.-. z =Cydx =iCf(x)dx. 

This equation is a general formula for finding the area included 
between any plane curve and the axis of x. 

In applying this formula, it must be borne in mind that, area 
above the axis of x being positive, area below it is negative. 

For the area between a curve and the axis of y^ we evidently 
have 



f= i xdy. 
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EXA3IPL£S. 

1. Find the area between y^ = 2px and the axis of x. 
Here z = Cydx = C(2px)hdx = |a?V2pa;+ (7= |a^ + C. 

If the area be reckoned from the origin, 2; = 
when a? = ; 

.•.(7=0, and z:=:^xy. 

Hence the area oap = |oapb ; and the area of 
the segment nop is two-thirds that of the par- 
allelogram MNPB* 

If OH = a, and oa = 6, 

area bnpd = 21 '\/2pxdx = ^ V2p (6i — ai) . 




Wg. 16. 



2. Find the area of y = aj* + owe* between the limits x = — a 
and 05 = ; also between the limits a? = and a? = a. 

ulns. -i^a*; ^a*. 

3. Find the area of the hyperbola a^=l between the limits 
x=l and x = a. 

Area = log a ; that is, the area is the Naperian logarithm of 
the superior limit. It is because of this property that Naperian 
logarithms are sometimes called hyperbolic logarithms. 

4. Find the area inclosed by the axis of x and the curve 

The inclosed area lies below the axis of a?, between a; = — 1 
and a; = 0, and above it, between a? = and a; = 1. These two 
portions being numerically equal, the result obtained by inte- 
grating between a? = — 1 and a; = 1 is 0. To find the required 
area, obtain the area of each portion separately, and take their 

numerical sum. 

Ans, ^, 
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5. Find the area of the ellipse a^3^ + 6^a^ = a^W, 

Area = -4 CVcF^^^dx. 4 fVa^-a^da; = ird^ ; 
a Jo Jo 

for it evidently equals the area of the circle whose radius is a, 

/. area = -wa^ = irab. 
a 

6. Find the area intercepted between y^ = 2px and oi? = 2py. 

Area= C^/2pxdx— f ^dx^^- 
Jo ^ Jo 2p 3 

7. Required the area intercepted between y = — ^-— and 
^ 4* -4n«. log4 — f. 

67. Since z = A^cZojs |/(ir)c2a? (§ 66), the integral of f(x)clx 
can be represented graphically by tlie area between the curve 
y=zf(^x) and the axis of a;. Hence, when I f(x)dx cannot be 
found, I f(x)dx can be determined approximately by com- 
puting geometrically the area of the figure formed by the axis 
of 0?, y =/(a5), x = aj and a; = 6. 



68. Areas of Surfaces of Eevolution. 

Let s represent the length of the curv^e om, t 
and S the surface generated by its revolution 
about ox as an axis. 

To obtain a general formula for the value of 
aS, let As = arc pp' ; then A^ = the surface o ^ b x 
traced by As. Fig. le. 
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Umit fsurface traced by As l ^^ Umit 
• AS = OJ^surface traced by pp J ^ « -- ^ 



As 



surface pp' 



As 



,=1; 



limit fAAS"! limit fn / , A t/\ cbordpp H 



' A8 



dS 
els 



= 27rt/. 



.,S=27rjl/ds=27rj"/l + ^^ 



When the axis of revohition is the axis of t/, we have, simi- 
larly, 



S=2irCxd8 = 2TrCxfl-i-^\^dy. 



Examples. 

1. Fmd the surface of the sphere. 
Here the generating curve is ar* + ^ = r*. 

2. Find the surface of the paraboloid ; that is, of the surface 
traced by the revolution of a parabola about its axis. 
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69. Volumes of Solids of Eevolution. 

Let V represent the volume generated by the revolution of 
opw about ox as an axis. To deduce a general formula for the 
value of F, let Aa? = ab ; then Ay = dp', and 
AF= the volume generated by the revolu- ^ 
tion of ABp'p. 

Now, volume abdp < A V< volume abp'm ; 

7rfAx<AV< 7r{y + AyYAx ; 



or 






.'.nf<^<n(y-{-Ayy; 
Ax 

/. ^= 7r2/2, or F= TT Cfd:c. 
dx J 



Fig. 17. 



(1) 



Or, to obtain (1), conceive the solid as generated by a varia- 
ble circle, whose centre moves along the axis of the solid, and 
whose radius is equal to the ordinate of the generating curve. 
With this conception, it is evident that, if c2a? = AB, dF=the 
cylinder whose altitude is ab, and the radius of whose base is ap. 



.-. dF=ff^cto, or V^TT I y^dx. 



When the axis of revolution is the axis of y, we have, simi- 
larly, 

F=7rJ*aj*dy. 

Examples. 

1. Find the volume of the prolate spheroid; that is, of the 
solid generated by the ellipse revolving about its major axis. 

Here r=7rCfdx = 7rr^(a^^a^)dx = ^(2a7rb^). 

Hence the volume of the prolate spheroid is two-thirds the 
volume of its circumscribed cylinder of revolution. 

If a = 6, F=f7ra«, 

which gives the volume of the sphere whose radius is a. 
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2. Find the volume generated by the revolution of ]^^cx 
about the axis of a, volume being measured from the origin. 

Ana. F= fTTt/^ a; = f the circumscribed cylinder. 

3. Find the volume of the oblate spheroid ; that is, of the 
solid generated by the revolution of the ellipse about its minor 
axis. 

Ans. F= f 7ra^6 = f the circumscribed cylinder of revolution. 

4. Find the volume of the paraboloid ; that is, of the solid 
generated by the revolution of the parabola about its axis. 

Ans. F= ^TTfl^, or ^ the circumscribed cylinder. 

5. Find the inclosed volume of the solid generated by the 
revolution of y^ — b^ = aa^ about the axis of y. 



^-^=jx;(^-^>^^^=w- 



70. From 1; = ^ and a = — (§ 33), we have the following 
at dt 

Fundamental Formulas of Mechanics. 



I. v = ^; .-.8= Cvdt,sindt= C^ 
dt J ' J V 

II. a = ^; .-.!;= rad^,andi=r^ 



£XA3IPLES. 

1. The acceleration of a moving body is constant; find the 
velocit}' and the distance. 

V = Cadt = at+G=^at + Vo, (1) 

in which Vq represents the initial velocity ; that is, the value of 
V when ^ = 0. 

8 =:Cvdt = C{at + Vo)dt = ia«2 -I- vj; -f So, (2) 

in which Sq represents the initial distance ; that is, the value of 
s when t = 0. 



APPLICATIONS TO J^IECHANICS. 



67 



If the motion begins when i = 0, Vq = and «o = ; henoe (1) 
and (2) become 

v = at and 8=:\af; 



\t =-^ — and 'u = V2a«. 



These four formulas are the fundamental formulas for uni- 
foi^mly accelerated motion. 

The acceleration caused by gravity is 32.17+ ft. a second, 
and is denoted by g. If we substitute g for a in the four for- 
mulas given above, we obtain the formulas for the free fall of 
bodies in vacuo near the earth's surface. 

2. By a principle of Mechanics, if ab be a vertical line, the 
acceleration of a body sliding without friction a 
along the inclined plane ac is grcos<^, in which 
<t> = angle bao. Let s', v', and V represent respec- 
tively the distance ac, the velocity acquired along 
AC, and the time of descent ; then, from the for- 
mulas, 

V = V2a8, and t =-J— , 

we have 

v'= '\/2gs' cos</), and. <'=\ - 




2 5' 



^gcos(t> 
Let 8 represent the vertical distance ab ; then 



CO8 



and t' 



v' = V2 g s' cos = V2 g 5, 

\f/C0S^<f> C0S<f»\Gf 



Hence the velocity acquired by a body sliding without fric- 
tion down AC equals that acquired by a body falling verti- 
cally down AB ; and the time of descent along ac is the 

time of descent along ab. 



QOS<t> 
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3. Let AC (= s) be the vertical diameter of an}' vertical circle 
^ ABC ; then the time of descent from a along 

any chord ab ( = s') is 




.J^ (Ex. 2), which equals ^^, 



since cos 6 = — • 
^ s 



Hence the time of descent from a along sluy 
chord of the circle is the same as that along the vertical diameter. 

4. The acceleration varies directly as the iime from a state 

of rest of the body ; that is, -^ = a = c^ ; find v and s at the 

at 

end of time t. Arts. v = ict^; s^^cf. 

5. When the velocity is a given function of the time, the 
time, velocit}', distance, and acceleration can be represented 

geometrically, as follows : 

Construct the locus of v =/(0» ^ being 
represented by abscissas, and v by ordinates, 
the unit of t being repJresented by the same 
unit of length as the unit of v. Then, b}' § 66, 
the area between the curve and the axis of ab- 
scissas equals I vdt; but, by § 70, 5 = j vc 

Hence, if abscissas represent time, and ordfnates velocities, 
the area between the curve v =f(t) and the axis of abscissas 
represents the distance traversed by the mo^ang body. 

Again, if ph is a tangent at p, and ab represents the unit of 
time, DH represents the acceleration at the end of the second 
unit of time ; for it represents what would be the • increase of 
the velocity, or ordinate, in a unit of time, if this increase be- 
came uniform at the end of the second unit of time. 

6. A body starts from o (Fig. 21) ; its velocity in the direc- 
tion of OY is constant, and in the direction of ox is gt ; what is 
its path? 




)dt. 
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Let OX and oy be the axes of x and y, respectively ; 
then 



| = c, and f = gt. 



Hence, y = c^ and a? = 2^ ; 
9 




0) 



Fig. 21. 



Since (1) is the equation of a parabola 
referred to a diameter and a tangent at its 
vertex, the path of the body is an arc of a 
parabola. Hence, if it were not for the resistance of the atmos- 
phere, the path of a projectile, as a ball from a rifle, would be 
an arc of a parabola ; for its velocity would be gt along the 
action-line of gravity, and constant along the line of projection. 

7. The velocity of a body in the direction of ox is 12«, and 
in the direction of or is 4 ^^ — 9 ; find the ve- 
locity along its path onm, the accelerations 
and distances in the direction of each axis 
and along the line of its path, and the equa- 
tion of its path. 

Let v,, v,, v, and a,, Oy, a, represent respec- 
tively the velocities and accelerations in 
the directions of the axes of x and y and 
along the path, whose length we will repre- 
sent by s. 

Then ^=v.= 12^ and ^ = tv = 4<2-9. 
(It ' dt ' 




Fig. 22. 



■''•-f:=^^+i^=^^'^^^^+^^^^ 



= Vl6^* + 72^2-h81 = 4«2_^9. 



The accelerations are 



0. = -— f=12; a,= --« = 8«; anda. = --' = 8^ 
dt (It dt 
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The distances are 

x=Cl2tdt=:6t% (1) 

y=J'(4«2-9)d* = |^-9f, (2) 

and 8 = ("(4 1^ -^9)dt==if -^dt. 

Eliminating t between (1) and (2), we obtain for the equa- 
tion of the path, 



2^=(i— 9)^f- 



The form of the path is shown in Fig. 22. (See Weisbach's 
Mechanics of Engineering, page 148.) 



CHAPTER IV. 

SUCCESSITE DIFFERENTUTION. 

71. Snccesflive Derivatives. Since /'(«), the derivative of 
f{x) , is in general a fdnction of a, it can be differentiated. The 
derivative otf\x) is called the second derivative of the ©riginal 
function /(«) , and is denoted by /"(«). The derivative of 
f"{x) is called the third derivative of /(a), and is represented 
by /"'(a) ; and so on. /"(«) represents the nth derivative of 
/(«), or the derivative of/"~^(aj). 

Thus, if 

clx 

/"(a!)=A(4a!«) = 12a^; /'"(a;) =i-(12a^) = 24a!; 
ax ax 

/"(«) = 24; r(«)=0. 

f'(x), f"{x), f"'{x), etc., are the successive derivatives 
offix). 

72. Signification of f'*(x). Since /"(x) is obtained from 
/'*"^(aj)*in the same way that/' (a;) is from /(»), the nth denva- 
tive of a function expresses the ratio of the rate of change of its 
(n — 1) th derivative to that of its variable; and the (n—1) th 
derivative is an increasing or a decreasing function^ according as 
the nth derivative is positive or negative, 

CoR. If a is finite, and /(a)* =00, /'(a) =00, /"(a)=oo, etc. 

For, when/(a) = oo, f(a-\-h) is not oo, however small h be 

taken. Hence, while x changes a very small amount from a, 

*f{a) represents the value of /(x) for x = a. The equation /(a )= qq 
means that/(x) increases without limit, as x approaches a as its limit. 
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f{x) changes an infinite amount, therefore, when x=:a^ f{x) 
must change infinitely faster than x does; hence /'(a)=a. 
For like reason, if/'(a)= oo, f\a) = oo, etc. 

Examples. 

1 . Find the successive derivatives of x^-{-2x^ -\-x-\-l. 
Let /(«) = «» -h2a^-Hic4-7; 

then . /'(aj)=^(ic8-h2ar^-f-a;-f 7) = 3a^-f-4a;-hl; 
dx 

dx 
/'"(«) =|-(6a! + 4) = 6; 

(XX 

and p^{x)^Q. 

2. Find the successive derivatives of ca^ + aa^ + a. 

3 . If f{x) = 7? log a?, prove that /'^ («;) = - 

a? 

4. If f{x) = e"', prove that f{x) = a" e"'. 

/"(«) is written out in accordance with the law discovered 
by inspecting /"(i») and /"'(a;). 

5. If f{x) = sin mx^ prove that /*^ {x) = m'* sin wa;. 

-14* 

6. If /(aj) = a:;* log a?, prove that/^' (a;) = — ^. 

ar 

7. If /(a;) =af , prove that /"(a;) = af (1 -f loga;)^ + of-^, 

8. If /(a;) = tan a;, prove that /'" {x) = 6 sec* a? — 4 sec^a;. 



(e'-hO 



9. If f{x) = log(e' -f e-') , prove that /'"(x) = - 8 
10. If /(«) = ^, prove that /-(a:)= t^^,' 

* [n, read " factorial n," stands for 1 X 2 X 3 X 4 X - X n. 
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11. If f{x) = a', prove that f{x) = (log ayc^. 

C — n^-iln — 1 

1 2 . If /(») = log ( 1 + ») 5 prove that /" {x) = ^ ^ ' 



(1-haj)" 
-l)»- >-l 



^^^>=7itS^'----^(^>=- 



(1-ha;)^ -^ ^ ^ (1 + a?)" 

13. If /(a;) = (1 -h a?)"*, prove that 

/*(«) = m(m— l)...(m-n-hl)(l-ha?)"'-*. 

73. Snccessive Differentials. The differential of the first dif- 
ferential of a functiou, is called the second differential of the 
function. The differential of the second differential is called 
the third differential. In like manner, we have the fourth^ Jifth^ 
and n^^ differentials. d(dy) is written (Py, and read ''second 
differential of y'* ; d(dJ^y) is written dPy^ and read "third dif- 
ferential of y " ; and so on. 

dy^ ^y^ <^^ etc., are the siuxiessive differentials of y. 

In differentiating y =/(«) successivel}^ dx is usually regarded 
as constant ; that is, as having the same value for all values of 
X, This greatly simplifies the second and higher differentials, 
and also the relations between the successive differentials and 
derivatives, and is allowable ; for, when independent, x may be 
regarded as changing uniformly. 

74. Belations between the SuocesuYe Differentials and 
DerivatiYes. 

If .=/(^),|=A«');|(|)=/"(-);etc. 

If dx is variable, — is a fi'action with a variable numerator 
dx 

and denominator, and we have 

/•»//^\ — ^^ /^?A — dxd^y — dyd^x ,. x 

•^ ^''^-'di\di)'' d? ^^ 
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But, if dx is constant, -^ is the product of the constant —- 
dx ax 

and the variable c?y, and we have 

For the same h3'pothesis we have 

^ ^^ dx\d^) da^ '^ ^^ d^'-^ ^^ dof* 

Hence d^y=f''{x)daf; whence f^{x) is often called the nth 
differential coefficient of /(a). 

For the hj^pothesis that dx is constant, (Pa;= 0, and equation 
(1) becomes (2), as it evidently should. 

Examples. 

1. Find the successive differentials of »*. 
Let y = x*; then dy = 4:afdx. 

Differentiating this last equation, regarding dx as constant, 

we have 

d'y = (Adx)d{a^) = Ux'dx' ; 

.-. d^y = {12da^)d{a^) = 24:xda^ ; 

.\d*y = 24:dx*\ /,d^y = 0, 

2. Find the successive differentials of 5 ar^ 4- 2 i»^ — 3 aj. 

If 2^=5a^ + 2ar^-3a?, d^y^^Odo^. 

3. If y = sin a;, prove that d^y = sin x dx\ 

4. If y = log (ax) , prove that d*y = -da;*. 

X 

% 

5. If y = 2 a V5, prove that ^ = liL. 

c?ar 4a:9 

/, Ti» 1 • 4.1 * ^^y 2cosa; 

6. If y = logsma;, prove that — -■ = —r-z — • 

c?ar sm'^a; 



EXAMPLES. 75 

7. If y = aj^ logo?, prove that — ^ = — 

8. If y = cos ma, prove that — ^ = m* cos mo?. 

9. If2^ = 2ixr,provethat^=?4 = -^. 

dx y' " da^ y^ 2/^ ' 

"da^ / f {2x)f 

10. If ay + 6^^ = a2&2^ prove that ^ = - -|i . 

c?ar aV 

11. If ar^ + y2 = r2, prove that ^ = -4- 

dor 2r 

12. If 2/^ = sec 2 a;, prove that 2/ 4-^ =3/. 

13. If ^ = 6* sin a;, prove that ^ - 2^ + 22/ = 0. 

Ota/ 0.x 

14. Given s = 4^ ; find v the velocity, and a the acceleration. 

c,. ds dv d /'ds\ d^s 

Since v = — , a = — = — ( — = — • 
dt dt dt\dt) df 

Hence i? = — = 12^^ and a = ^ = 24^ 
dt df 

15. If a = c^ + 6i, what is the velocity and acceleration? 

Ans, v=^2ct -^hi a = — - = 2c. 

16. If 2/^ = 2»a;, prove that ^ = i. 

df p 

Here a; is regarded as the function, and dy is constant. 



CHAPTER V. 

SUCCESSIVE INTEGRATION, AND APPLICATIONS. 

75. The general formulas for integration enable us to obtain 
the original function from which a second, third, fourth, or nth 
differential has been derived. 

For example, let d^y = ohdoi^ ; then 

cz(g)=56... (1) 

Integrating (1), we have 

dxr \dxj 

dx 

.\y^^hx^-\-iG^x'+C,x-\^C^. 

Examples. 

1. Given d?y = 0, to find y. 

Here ^-0- 'df^\'-'0' ^ ^V -^ n , 

r.d(^=^G,dx^ ...g=Cia;+C2; 

r.y^iC^T^+C^x-k'C^, 

2. Given d*y = sin a? c^a?*, to find y. 

d(-^\^&mxdx\ .-. — ^ = --cosaj+Ci; etc. 
\d^J da^ 

Ana. y = sina; + -J-(7iar*-hiC2ar^-hC3aj4- (74. 
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3. Given ^il = Sa^- x-\ to find y, 

4. Given — ^ = sin a;, to find y. 

dor 

y = C09X -\- ^CiX^ -^ C2X -{- Cs' 

5. Given d^y = 2x~^dQi^, to find y. 

i/ = loga;-h|(7iar^4-C2«+ Cg. 

76. Problems in Mechanics. 

1 . If the acceleration of a body moving toward a centre of 
force varies directly as its distance from that centre, determine 
the velocity and time. 

Let jM = the acceleration at a unit's distance from the centre 
of force ; 

X = the varying^ and c the initial^ distance of the body from 
that centre ; 

then x/ji = the acceleration at the distance x. 

Here s = c — x; r,v = — = : (1) 

dt dt ^ ^ 

J d^s d?x .s%\ 

and «,^ = a=- = --. (2) 



Multiplying (2) by —dx^ we obtain 

■••(f)'f=''^=-'^^''- 

Since v = when a; = c, C^ii.&\ 



.•.^ = /x-icos-^-. (4) 

c 
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(7=0, since t = when a = c. 

If in (3) and (4) we make a? = 0, we have 

V = cVft, the velocity at the centre of force; 

and i = ^7r/A~i, f 7r/i,~i, etc. 

Hence the time required for the body to reach the centre of 
force is independent of its initial distance from that centre. 

Below the surface of the earth, the acceleration due to gravity 
varies as the distance from its centre. Hence, from (3) we learn 
that if a body could pass freely through the earth, it would fall 
with an increasing velocity from the surface to the centre, from 
which it would move on with a decreasing velocity, until it 
reached the surface on the opposite side. It would then return 
to its first position, and thus move to and fro. 

The acceleration due to gravity at the surface of the earth 
being ^, and the radius being r, we have in this case, 

.-. V = r V/I == "Vgr^ the velocity at the cenire ; 

A o* -I 1^* Q i>iir 1^0919360 

and 2^ = 3r/A i = 7r-^- = 3.1416-^ — ^:rT^~ ®®^' 

= 42 min. 13.4 sec, 

which is the time that would be required for a body to fall 
through the earth. 

2. Assuming that the acceleration of a falling body above the 
surface of the earth varies inversely as the square of its distance 
from the earth's centre, find the velocity and time. 

Let X = the vari/ing^ and c the initial^ distance of the body 
from the earth's centre ; 
r = the radius of the earth ; 

g = the acceleration due to gravitj' at its surface ; 
a = the acceleration due to gravity at the distance x. 
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Then 5 = c — « ; and, from the law of fall, we have 
a : ^ : : 7-2 : a^ ; 

Multiplying (1) by dx, and integrating, we have 

If c = 00 ; that is, if the body fall from an infinite distance 
to the earth, we have from (2) , when « = r, 

v=V2^r. 
Since g = 82| ft., and r = 8962 miles, we have 

v = /^-^ X 3962Y=6.954- miles. 
V5280 J 

Hence, the maximum velocity with which a falling body can 
reach the earth is less than seven miles per second. 

From (2) , we have 

dx^ ^o ^^^ ^ r ex ~ g^^ i ^ ^2gi^h (ex - a;^) i . 

Ut V Cfl/ y \ C y X 

... eft = (-ly.^^^ = / c Y c-2a;-c ^ . 

Since ^= when a; = c, C = -J-C7rf--^j ; 

3. Assuming that r, the radius of the earth, is 3962 miles; 
that the sun is 24,000 r distant from the earth; and that the 
moon is 60 r distant ; find the time that it would take a body to 
fall from the moon to the earth, and the velocity, at the earth's 



80 



SUCCESSIVE INTEGRATION. 



surface, of a body falling from the sun. The attraction of the 
moon and sun, and the resistance of any medium, are not to be 
considered. 

4. A body falls in the air by the force of gravity j the resis- 
tance of the air varying as the square of the velocity, determine 
the velocity on the hypothesis that the force of gravity is 
constant. 

Let /A = the resistance when the velocity is unity ; 

and t = the time of falling through the distance s. 



Then 
and 



(dsV 
— ) = the resistance of the air for any velocity ; 
dtj 

g = the acceleration downward due to gravity alone. 



Hence g - 



that is. 



cPs ^ /d8\\ 

d(^) 
\dtj_g 



the actual acceleration downward ; 



jxdt 



/dsY ,, \dt) 






(I)' 



(1) 
(2) 



Observing that the second member of (2) is of the form 
^ , and integrating, we have 



a^-a? 






(3) 



ds I 



(7= ; since t = when — [= -y] = 0. 
From (3) , by principles of logarithms, we obtain 



^»+/.i| 



gk — fii 



ds 
di 



— e2«v^ ; 
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" dt \^y e^Vf^+l 



Hence, as t increases, v rapidly approaches the constant value 



5. A body is projected with a velocity Vo into a medium which 
resists as the square of the velocity ; determine the velocity and 
distance after t seconds. 

Let fi = the resistance of the medium when the velocity 

is unity ; 

and 8 = the distance passed over in t seconds. 

Then /jlI — ] = the resistance for any velocity. 

Hence ^^-^.^^Y, or 4^ = -^d.; 
df \dtj ^ 

dt 

at 

ds 

C = log Vo, since —- s= Vq when s = 0. 

dt 

Hence — /is = log -^ — log Vo = log r-^ -*- vA ; 

ds ^- ds Vo ^->, 

/. ---s-'yo = « '^'> or -— = -^. (1) 

dt dt e*** ^ ^ 

Hence, the velocity decreases rapidly, but becomes zero only 
when s = ex. 

Integrating (1), and solving the resulting equation for s, we 
obtain 

« = -log(fi'yo«-hl). 
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6. A body slides without friction down a given curve ; re- 
quired the velocity it acquires under the influence of gravity. 

Let mn be the given curve, pa a 
tangent at an}- point p, and pa = rfa ; 
then — PD = dy, and the acceleration 
caused by gravity at p equals g cos <^, 
in which <^ = dpa (§ 70, Ex. 2). 




•-3:? = 9'cos<^ 



= -3 



ds 



Pig. 23. 



If yo be the ordinate of the starting-point on the curve, v = 
when y = y^, and C=2gyo. 



.\v=V2g(yo-y). 



When y = 0, v=w2gyo^ which is the velocity that the body 
would acquire in falling the vertical distance yo (§ 70, Ex. 1). 
Hence, whatever be the curve down which, from any point p, a 
body slides without friction, it has the same velocity when it 
reaches the line ox. 



7. The base of a cycloid is horizontal, and its vertex is 
downward ; find the time of descent of a heavy body from any 
^ point on the curve to its 

^_ _ vertex. 

Let the vertex o be the 
origin of coordinates, yo 
the ordinate of the start- 
ing-point p, and 8 the 
length of the curve reck- 
Then, from the previous problem, we 




oned from that point, 
have 



v = \/2g{yo-y) = 



ds 

dt 



.dt = - 



ds 



V2^(2/o-2/) 



(1) 
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Since ds is positive, and dy negative, 

The equation of the cycloid referred to the axes ox and or is 

x=sr vers"^- + V2 ry — y^, 

• ^ — /2 r — y Vt ^ 
"dy^K y J ' 

•— (|+')'*=-(7)'*- « 

From equations (1) and (2), we have 

dt-- /'2r\ l dy _ __ fr\ h dy 



\y J V2^(yo — 2^) w ^/yoy — f 



Since i = when y =s ^oi 

vers"^ 2 



-© 



/. i = 7r( ~ ) , when y = 0. 



Hence, the time required to reach the lowest point o will be 
the same, from whatever point on om the body 8taii». Hence, 
if a pendulum swings in the arc of a cycloid, the time required 

for one oscillation is 2 tt-^— . The time of an oscillation being 

independent of the length of the arc, the cycloidal pendulum is 
isochronal. 
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Cor. To find the time of descent along any other curve, we 
would obtain from its equation the value of c?s, substitute this 
in equation (1), and integrate between the proper limits. 

8. To find the length and equation of the Catenary. 

Let NOM represent the form assumed by a chain, or perfectly 

flexible cord, of uniform section and density, when suspended 
from any two fixed points m and n ; 
then is nom a catenary. Let o, the 
lowest point, be taken as the origin. 
Let s denote the length of any arc ob ; 
then, if p be the weight of a unit of 
length of the cord or chain, the load 
suspended, or the vertical tension, at 
B is sp. Let the horizontal tension be 
op, the weight of a units of length of 

the chain. Let bd be a tangent at b ; then, if bd represent the 

tension of the chain at b, be and ed will represent respectively 

its horizontal and its vertical tension at b. 




Hence, ^^^^^^t. 
dx BE ap a 



(1) 



y/ds'-d3?. 



^a^ + ^ 



' a\_ dx] 

.'.x=a C ^_ ^ = a log(« + V?T?) + C. 
Since a; = when s = 0, C= — aloga. 



(2) 



Solving (2) for s, we have, for the length of the curve meas- 
ured from o, 



« = 1 («"-«"')• 



(3) 
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To find its equation, we have, from (1) and (3), 

dx ^^ ^ 

Since y = when a: = 0, C = -~a. 

X _ SB 

is the equation of the catenary referred to ox and ot. 

If o'o = a, and the curve be referred to the axes o'x' and 
o't, its equation will evidently be 



CHAPTER VI. 

INDETERMINATE FORMS. 

77. When, for any particular value of its variable, a function 
assumes any one of the indeterminate forms, 

2, i^, . (X, 00-00, 0\ oo^ 1±«, 
00 ' 

the function, in the usual sense, has no value for this value of 
its variable. Wliat we call the value of the function for this 
value of its variable is the limit which the function approaches, 
as the variable approaches this particular value as its limit. 

Often, when a function assumes an indeterminate form, its 
value may be found by algebraic methods. 

Examples. 

1. Evaluate ^^1 ; that is, find ^^^\* [^^1- 

ar — Iji ^=^ L.a^ — Ij 

In general, 

aj2__i a; + l ' 

. limit fa^ — 1 "] ^ limit [ "o^-f a?-f l 1 3 

2. Evaluate -g^^] . 

In general, 

(x — a)^ _ (x—a)'^ __ (x — a)-^ ^ 
(aj2-a2)l""(a;~a)A(a;+a)i"" (a; + a)l' 

. limit r (x — a)i ~] ^ limit r(x—a)rf ] __ ^ 
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3. Evaluate {a' " ^)^ + {a - x) 1 ^ ^^ V^^ . 



Evaluation by Differentiation. 
78. To evaluate -4^, or -^^ , when it assumes the form -- 



T7-T » or ) ^ , when it assumes the form - 

^0 p±^-=^]=/'(.), Ex. 1, p. 39. 

and ^^', r<l>{x + ^x)-^<l>{x)l ^ ,.. 

mit r/(x-f-Aa?)~/(x)n .r(a;) 



limit 



Substituting a for a; in (1), and remembering that /(a) and 
</>(a) are each 0, we have 



imit ^f(a-\'^x) lf(a) ^^f(a)^r(a) 
^=^\j>{a-\'Ax)j <t>\ay <t>(a) <t>'(a) 



limit 
Ax 



If /'(a) = 0, and <^'(a) is not 0, iM= 0. 

<l>{a) 

If f(a) is not 0, and <t>\a) = 0, 4^ = oo. 

If /'(a) = 0, and </>'(a) = 0, •^/■^^( also assumes the indeter- 

<f>\a) 

minate form - • Applying to it the preceding process of reason- 
ing, we have 

f'(a)^f"(a) 

If this also assumes the form - , we pass to the next deriva- 
tives, and so on, until we obtain a fraction both of whose terms 
do not equal 0. 
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= 1. 



Examples 
Evaluate 

l0££l 

1 

log a; "I _ . . loga? 1 ___ x 

a;-lj,""0' "aj-lJi""T 

1 — cos x l __ . . 1 — cosa; "! _ sin£~| ___ cosa; "| _ 1 
aP Jo""o'*' aj2 Jo"" 2a; Jo" 2 Jo"2 

sin a; Jo 

€•-6* — 2 



78. 



Ans. 



4. 



6. 



-1- 

a; — sin a; Jo 

a' — 5'1 
» Jo 

a;— 8in~^a; "| ^^ 
sin^a; Jo 



log!. 



79. To evaluate 



f(a) 
<^(a) 



, i(7^en lY assumes the form — 



limit 

X 



limit 


" 1 " 

</>(a:) 

1 


_. limit 


~d 
dx 


1 1 
>(a.) 


x=ia 


d 
dx 


- 1 - 

Lf(^)JJ 



mit r/(ig)' 1 _ limit «^(a?) _ 



; §78. 



. limit r/(«i"| ^ limit ri/Mi' . *:^i. ^^ 
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Since, when the limits of two variables are equal, the limits 
of their equimultiples are equal; we have from (1), by multi- 



plying by S^^Q^, 



limit r/(^1 limit rf'(x) l ^^ /(a) _ f(a) 

Cor. From § 72, Cor., it follows that, if a function assumes 
the form — for a finite value of the variable, all the functions 
obtained by the formula given above will also assume the form 
— . Hence, to evaluate the function, it is necessary to trans- 

00 

form the original function, or some one of the derived functions, 
so that it will not assume the form — for this finite value of the 

00 

variable. 

Examples. 



Evaluate 

1. Jo&±l . 
cosecajo 



1 



log a; "I _ — 00 ^ , log aj "1 _ X 

cosec ajJo"~ 00 ' * cosec xj^ — cosec x cot x 

__ — sin^ic"] __ — 2 sin a? cos ^"1 __ _ ^ 
"~ a;co8a?Jo'"cosa? — ajsinajjo""!"" 

2. ]2Sf\ . Ans. 0. 4. ISif] . Ans. 0. 

a^ J. a; J. 



3. 22t£"l. 00. 5. iaiif."!. 8. 

logasjo tan3a;Jj, 



80. The forms •» and w — oe. Functions of x that assume 
the form • oo or oo — oo for a particular vahie of x, maj- be so 
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en 

transformed that they will assume the form - or —- for the same 

^ 

value of X, Hence they can be evaluated by the previous 
methods. 



Examples. 



Evaluate 
1. 2* sin 



. a"! 



Since 2* sin 



sm — 
a 2' 



and 



. a 

sm — 

2^ 



2- 



- =^acoa^\=a; .•.2«8m— =a. 

_1 OD _J 3S _J OD 



2. (1 — a;)tan 



Since (1 — a;) tan^ = 



2 .irX 

cot — 
2 



and 



1-x' 

. irX 

cot — 
2 



VX 



- cosec^ — 
1 2 2 



2. 

' — \ 

IT 



(l-.)taof] = !. 



sin o; 1 — sin x 



3. [seca;— tan«]j^. 

Since sec x — tan x = — 

cos a; cos a? cos a; 

, 1 — sina;~l cosa;"! ^. . r«^^^ 4. n a 

and = \ = 0; /. [seca; — tana?Ji^ = 0. 

cos a; Jj^ sma?Ji, 



La^~l aj-lji 

5. T-^ ^1- 

Llogaj logajji 



2 



-1. 
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81. The Forms (f, od°, and !=»=». When, for any value of x, a 
function of a assumes one of the forms, 0®, oo®, or 1**, its loga- 
rithm assumes the form, iO-oo, and the function is evaluated 
b}' evaluating its logarithm for this particular value of x. 

Examples. 
1. Evaluate af]o. 

X 

Since log of = a? log a = — ?j— ? 
loga 



and 



X 

logajjo 



-{log^y 



1 

X 



2 log a; 

a -JO 



2 

X 



1_ 



-2aj" 



1 



]r- 



.-. log af ]o = 0, or af ]o = 1 . 
2. af^°*]o. 



Since loga:'''"= sin a? loga; = 



log a; 



cosec X 



and 



loga; ~|__ X _^ — sin^ajn 

cosec ajjo"" — cosec x cot x_^ x cos a; Jo 

_ — 2 sin a? cos a? l _ ^ . 
cos a? — a; sin ajjo 

.-. logaf-^^'jo = 0, or af»"»]o = 1. 
3. sina;'^*]o. Ana. 1. 4. sina^°']j^. Ans. 1. 

82. Compound Indeterminate Forms. When the given func- 
tion can be resolved into factors, some or each of which assumes 
the indeterminate form, each factor may be evaluated separately. 

Thus, if the Amction be l£jzi)j£H!?1 ^e have 

^ Jo 
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Jo"V ^ J ^ jr^' 

tan xl ^ , €* — 1"| 
=1, and =1. 

a Jo ' a; Jo 



since 



Examples. 



J tan a; — g; ! _ o ^ g'-h2coBa; — 2" 1__ 1 

« — sinicjo ' * a* Jo"" 12 

2 a? — sin a; "1 __ 1 _ ar^ — 3a; + 2 !__ 

iB^ Jo" 6* ' a;*-6ar^-f Saj-sjr 



00. 



3. /r^"M=x2. 8. f r^l^alogg. 

log(l-ha;)Jo logsinajjj, 

(e'-ir Jo 3 j, e 

f, 1 — sin aj -f cos a"! . - ^ ,^^^ ^ v 2"] 

5. -: ■ = !• 10. (cos ma;)» Jo=s 1 

sin a? + cos » — 1 Jjir 

11. a;«e« Jo= 00. 

12. [a? tan a? — ^^ sec a?] j^ = — 1 . 

- Q co8a;^--cosa^ "1 __ e^^sina^ 



83. Evalnation of Derivatives of Implicit Fnnctioiifl. If an 

equation containing x and y is solved for y, y is an explicit func- 
tion of a? ; if it is not so solved, y is an implicit function of x. 



EXAMPLES. 
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When y is an implicit function of «, its derivative, thougl) 
containing both x and y, is a function of x. Hence, when the 
derivative assumes an indeterminate form for particular values 
of X and y, it can be evaluated by the previous methods. 



Examples. 

1. Find the slope of aV - a^ic* - a* = at ((J, 0) . 

Hence 1^1 ^2a^^±4^1 ^2^+12^ ^JL" 

^ J 0,0 ^_ 

2. Find the slope of .v*=aa^ — ar' at (0,0). 



Here ^1 ^ 2r/a;-3.Tn _ 2a-6a 
^aijo.o 32^* Jo,o 6-,^ 

* 'W^/Jo.o 62^ Jo,o 



J 0.0 



= 00, or 



^1 ^ 



± 00. 



<^Jo,o 

3. Find the slope of a^ — 3aa^ + y" = at (0, 0). 

Ans. ^] =0 

4. Find the slope of x^ — a?xy -\-b^f=zO at (0, 0) . 



and 00. 



Ans, 






and 



b' 



5. Find the slope of (y^ + ic^)* — 6 aa^ — 2 oar* + 0^0^ = at 
,O,O).n.(a,0). ^.Sl ^„,^»1=^i. 

cZajJo,o <^«J«,o 2 



CHAPTER VII. 
DETELOFMENT OF FUNCTIONS IN SERIES. 

84. A Series is a succession of terms following one another 
according to sdlne determinate law. The sum of a finite series 
is the sum of all its terms. An hifinite series is one the number 
of whose terms is unlimited. 

If the sum of the first n terms of an infinite series approaches 
a definite limit as n increases indefinitely, the series is Con- 
vergent; if not, it is Divergent. 

The limit of the sum of the first n terms of an infinite con- 
vergent series, as n increases, is called the Sum of the series. 
An infinite divergent series has no definite sum. 

85. To Develop a function is to find a series, the sum of 
which shall be equal to the function. Hence the development 
of a function is either 9. finite or an infinite convergent series. 

For example, by division, we obtain 
1— af* 



l-x 



= l+a-fic^-l-ar^H \-^- 



1 — a?** 
This finite series is evidently the development of for 

any value of x. 

Again, by division, we obtain 



1 

iC** 1 

Hence is the difference between and the sum of 

1 —a; 1 —X 

the first n terms of the series. For ic< + l and > — 1, this 
difference evidently =0 as n increases, and the series is the 
development of the function. But for a;> + l or <— 1, this 
difference increases numerically as n Increases, and the series is 
not the development of the function. Thus, the series equals 
the function for a? = ^, but not for a? = -H 2 or — 2. 
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86. Taylor's Formula is a formula for developing a flmetion 
of the sum of two variables in a series of terms arranged accord- 
ing to the ascending powers of one of the variables, with coeffi- 
cients that are functions of the other. 

' A general symbol for an}" function of the sum of x and y is 
/(a;-f 2/), of which {x + yY, log(a: + 2^), a*+^ sin(a? + 2/), etc., 
are particulaj foims. 

87. To produce Taylor's Formula, 

We are to find the values of A^ B, C, etc., when 

f{x-{-y) = A-{-By + Cf'hDf-{-Ey' + .'^, 

in which A, J3, C, 2>, etc., are functions of x, but independent 
of y, the series being finite or convergent. 

Let a?' be an}" value of a, and A\ B\ C\ etc., the correspond- 
ing values of -4, J3, (7, etc. ; then we have 

f{x'+y)^A-{-By + GY + Dy + Ey + ...', (1) 

.-. /'(aj'+2/) = J3'4-2(7V + 3Z>y-|-4^y4--, (2) 

/'(a^'-f2/) = 2C"-|-2.32>V + 3.4jE;y+..., (3) 

/"(a:'+2/) = 2.32>'+2.3.4^'y-t...., (4) 

/'-(a?'+2/) = 2.3.4JS;'.f ..., etc. (5) 

These equations, being true for all values of y^ are true when 
y = ^§ 6) ; hence we have 

f{x^) = A\ f'(x^) = B\ f\x')=2C\ 

r\x') = [3 Z>S r\x') = \4E\ etc. 

Solving these equations for A', B\ C", etc., we have 

A'=.f(x'), B'=f'(x'),^ ^-*^nf^' 

D-qM, E^^^q^. etc. 
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Substituting these values in (1), we obtain 

li 

Since the coefiBcients in (6) are eqaal to f(<»),»f'(x), /"(«), 
etc., for x = x', and since x' is any value of x, we have, in 
general, 

If- L£. 

+/^^W,^+- (A) 

11 

This development of /(aj-f-y) was first published in 1715 by 
Dr. Brook Taylor, from whom it is named. 

88. When «'= 0, equation (6) of § 87 becomes 

Ay) =/(0) +/(0)y +r (0) j| +/'"(0) ^ 

H-/''(0)j^4-.-. (7) 

in which /(O), /'(O), etc., are the values of f(y) and its suc- 
cessive derivatives when y = 0. 

Letting x represent the variable in (7), we obtain 
/(^) =/(0) +/' (O)aj +/"(0) I- +/''(0) g 

+/'X0) ■!+••• (B) 

Equation (B) , called Maclaurin's Fommla, is a formula for 
developing a function of a single variable in a series of tenns 
arranged according to the ascending powers of that variable, 
with constant coefficients. 
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The completion* of Taylor's and Maclaurin's formulas will be 
deferred until we have applied them to the development of a 
few functions. 

89. To develop (x 4- 3')"°' ^^ ^^ deduce the Binomial Theorem. 
Here /(« + y) = («-f y)""; r.f{x) = ^, 

f\x) = mQiT'^ f\x) = m{m - l)ar-% 

/"(«)= m(m-l)(m-2)ar^, etc. 

Substituting these values in Taj^lor's formula, we have 

{x + yY = sr + mar-^y 4. ^(^~l) g^-2y> 

If. 

90. To develop log^ (x + y ) . 

Here f(x -f y) = loga(« -f y) ; /./(a?) = logaflJ, 

/'(a:) = ^, /"(^) = -P' r'(«^) = ^, etc. 
Substituting these values in TaylorW formula, we have 

log.(x + y) = log.a, + m^2-^ + J^-J^ + ...), 
which is the logarithmic series. 

CoR. If a? = 1 , and m = 1 , we have 

iog(i+y)=f-f + f-f+-, 

which is the Naperian logaiiihmic series. 

* The series obtained by applying Taylor's or Maclaurin's formula, as 
given above, to any given functiop may or may not be the development of 
that function. Their complete forms, however, enable us to determine what 
functions can be developed by them. 
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91. To develop a^+y. 

' Her6 f{x) = a*, f\x) = a' log a, etc. ; 

.-. a'^' = a'fl + log a^ + (log a)'^ ^ (log a)«|^ + -I- 

92. To develop (a + x)"" by Maclaurin's Formula. 
Here /(a;) = (a4-a;)"*; .-. /(0) = a'". 

f{x) = m(a+a;)"-^ ; .-. /'(O) = ma-^ 

/"(») = m(m-l)(a+a;)-'-2; /. /"(0) = m(m-l)a— 2. 
etc. etc. 

Substituting these values in Maclaurin's formula, we have 
{a + xY = a" -f ma--^a;-f ^li-^Inlia'-V-h ... 

93. To develop sin's,. 

Here /(a) = sin a; .-. /(0) = 0. 

/'(a;) = cos a; .-. /'(0) = 1. 

/"(a;) = -.sina;; .-. /"(0) = 0. 

/"'(«) = - cosa; ; .-./'"(O) = - 1- 

/-(«) = sin a;; .•./-(0) = 0. 

/^(a?) = cosa:; /. f\0)^l. 
etc. etc. 



Substituting these values in the formula, we have 
sin a;: 



ar^ ■ ar^ a^ . a^ 



94. To develop cos x. 

cos 35=1 — . 1 .•• 

il 11 |6. [§. 

This result could be obtained by differentiating the value of 
sin a; found in § 93. 



THE LOGARITHMIC SEKIES. 99 

96. To develop a*. 

I— -1- (\f\cr n\ ^ . .^_ .„ , 



a' = 1+ loga| + (log a)'-^ + (log af^ + ••., 



(1) 



which is the exponential series. 

Cor. 1. If a = c, the Naperian base, we have 

1 [2_^[3_^[4_^ 
Cor. 2. Putting «= 1, we have 

6 = 1 + 1 + — + — + — + — + ..• 

Hence 6 = 2.718281 + . 

96. To develop Zogr, ( 1 + x) . 

log.(l + «) = «i ^05 -^ + 1^ - ^ +^ - ...), 

which is the common logarithmic series. 
If m = 1 , we have 

log(l + a,) = a,-^ + ^-^ + ^-..., (1') 

which is the Naperian logarithmic series. 

In § 104, this development is proved to hold only for values 
of X between —1 and -|-1 ; hence, in this form, it is useless for 
the computation of Naperian logarithms of numbers greater 
than 2. We therefore proceed to adapt the Naperian logarith- 
mic series to the computation of logarithms. 

Substituting — a: for a: in (1'), we have 

^^ ' 2 3 4 5 ^ ' 

Subtracting (2) from (1'), we have 

log(l + ar) - log(l - X) = 2 (^a; + ^ + ^ + ^ + ... j. (3) 



100 DEVELOPMENT OF FUNCTIONS IN SERIES. 

Let X = ; then — i— = — i— ; and, for any positive 

2z+l 1 — a? z 

value of «, «< 1. 

Hence log(l -{-«) — log(l — a?) = log(2; -f 1) — log2. 
Substituting these values in (3), we have 
log (2; -1-1) — logs; 

^^\2z-\'l'^S(2z'^lf'^5{2z^iy'^"\j ^^^ 

Equation (4) is true for any positive value of z ; and, since 
the series converges rapidly, log (2; -|-1) can be readily computed 
when log z is known. 

Putting 2 =»1 in (4), we obtain 



log2 = 2g 



= 2 f ^ 4- . I 4- __L_4- 

^"3.33^5.3'^ 7.3^ 



Summing six terms of this series, we find 

log 2 = 0.693147-1.. 
Putting 2; = 2 in (4) , we have 

log3=:log2-|-2A-(--i^ + -^.-|-^-T + — "^ 
^ \,5 3.58 5.5* 7.5^ J 

= 1.098612-+-. 

log 4 = 2 log 2 = 1.386294-1- . 

Putting 2; = 4, we obtain 

loff5=loff4-|-2A-+-— -f ^^ — I — I — h— "^ 

= 1.6094379 -h. 
log 10 = log 5 -h log 2 = 2.302585 -|- . 

In this way we can compute the Naperian logarithms of all 
numbers. 

Coft, 1 . Letting m and m' be the moduli of two systems of 

logarithms whose bases are a and a', from (1) we evidently 

have log. (14- a;) ^m .^^ 

log„«(l + a:) m'' ^ ^ 

in which x lies between —1 and +1. 
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To prove that the principle in (5) is true for all numbers, let 
loga(l + «) = w, and loga'(l -h a?) = w ; 

u 

then a" = (1-f a?) = «'«', or a'= ^^ ; (6) 

and ]2£A1±^=1L. (7) 

Again, y being any number, let 

logay = «, andlog„,y = 'y; 
then a' = y = a'% or a^^a"; (8) 

and p^^L (9) 

lOga'y V 

From (6) and (8), 

aj^ = (^, or — = -. (10) 

iu V 

From (7), (9), (10), and (5), we have 

loggy ^ loga(l+a?) ^m ,jj^ 

log„'2/ log^'(l-hiB) m' 

Hence, f^e logarithms of the same number in different systems 
are proportional to the moduli of those systems, 

CoR. 2. If, in (11) of Cor. 1, we let a'=e, we have 
?/i'=l, 
and loga2/ = wilogy. (12) 

Hence, the logarithm of a number in any system is equal to 
the Naperian logarithm of the same number multiplied by the 
modulus of that system. 

CoR. 3. If, in (12) of Cor. 2, y = a, we have 

1 

m=- 

log a 

Hence, the modulus of any system of logarithms is the recipro- 
cal of the Naperian logarithm of its base. 
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In the Common system, a = 10 ; 

hence m == - — — = ^ ^}^ ^ = .434294 -f . 

log 10 2.302585 

97. Taylor's formula evidently fails to develop f(x -f- y) for 
x = a^ itf{a) or /"(a) is infinite, while n remains finite; while 
Maelaurin's fails to develop /(«) for any value of a, if /(O) or 
/^(O) is infinite for n finite. 

For example, by Taylor's formula, we have 

When a = 6, (1) becomes 

Vy= 00 — 00 H 

Hence the formula fails to develop (x — b -^ y)^ for a? = 6. 

By Maclaurin's formula, we have 

logaj=— 00 -f- 00 — 00 -f- ... 

Hence Maclaurin's fonnula fails to develop logo? for any value 
of X. 

98. To complete Taylor's and Maclaurin's formulas so that 
they shall enable us to determine what functions can be devel- 
oped by them, we need the following lemma : 

Lemma. If f (x) is continuous between x = a ancl x = b, and 
iff(si) = f (b) = 0, the7i f'(x), if continuous, must equal zero for 
some value of x between a and b. 

For, it f{x) is continuous, and /(a)=/(6) = ; then, as x 
changes from a to 6, f(x) must first increase, and then decrease ; 
or first decrease, and then increase ; hence f'(x) must change 
from -I- to — , or from — to -f, and therefore, if continuous, 
pass through 0. « 
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99. Completion of Taylor's and Maolanrin's Formulas. To be 

the development of /(a-fy), the series in Taylor's formula must 
be finite or infinite and convergent (§ 85). 

Let P^ be the difference between f{x-\-y) and the sum of 
the first n terms of the series ; then we have 

/(^ 4- y) =^f(x) ^f(x) 2 4-/" (a;) ^ +/"'(a.) ^ 

We proceed to find the value of P. 

Letting y = X — xin (1), and transposing, we have 

[3 \n—l 

-Pi^f^ = 0. (2) 

Let F(z) represent the function of z obtained by substituting 
z for X in the first member of (2) ; then 

F(z) =/(X) -/{z) -f{z) ^ -f"(z) <^^-'y 

_..._/..-.(.)ifl£l:i--/>i^^". (3) 

\n — 1 \n 

Substituting X for z in (3), we obtain F(X) = 0. 

Frgm (2) we see that the right-hand member of (3) is for 
2 = jc ; hence, by substituting x for z in (3) , we obtain F(x)=0. 

Differentiating (3) to obtain F'(z)^ we find that the terms of 
the second member destroy each other. in pairs, with the excep- 
tion of the last two, and obtain 
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F' {Z) = - <f ~y~y (a!) + ^f~y'' P. 

1 71 — 1 \7l — 1 

Whence, P=f'{z) when F'(z) = 0. Since 1^(2:) = when 
z = X, and also when z=x, F\z)=^0 for some value of z 
between X and x (§ 98). Now, hy giving to 6 some value be- 
tween and + 1 , any value between x and X can evidently be 
represented hy x-^0{X—x). 

Hence, P=/»[a -f ^(X- a)] =/'»(a; -f (9y). 
Substituting this value of P in (1), we have 

which is one complete form of Taylor's formula. 
Cor. Letting a: = 0, and putting x for y, we have 

/(*) =/(0)+/'(0)a; -»-/"(0) j| +/"'(0) jf + - 

+/»-i(0)^+/»(^a;)^", 

\n — 1 \n 

which is one complete form of Maclaurin's formula. 

100. If we had let Piy be the difference between f(x+y) and 
the sum of the first n terms of the series in Taylor's formula, 
we should have found 

\n — 1 
Hence a second complete form of Taylor's formula is 

+r-\x) -J^ +rix + 0y) i^-^r-'r . 

in — 1 n — 1 
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CoK. 1. The corresponding complete form of Maclaurin's 
formula is evidently 

f(x) =/(0) +/'(0)«; +/"(0)^ +... +/»-i(0) -^ 

1 2 \ n 1 

|n — 1 

All that we know of in any of these formulas is that its 
value lies between and -fl. 

CoR. 2. If, on applying to a given fbnction any one of these 
completed formulas, the last term becomes 0, or approaches 
as its limit, as n increases, the formula evidently develops this 
function ; if not, the formula fails. 

101. Since -^ = ^ . -^ ; and since - is very small when y 

\n n |7i — 1 n 

is finite, and n is verj' large ; each value of f- is a ver^^ small 

[n_ 

part of its preceding value. 

yn 

Hence . — = 0, tvhen y is finite and n increases iiidefinitely. 

CoR. J/P'^k) does not become infinite with n, Taylor's and 
Maclaurin's foi-mulas give the tj-ue development of f(x-f-y) and 
f(x) respectively, 

102. To prove that Madaurin's formula develops a*. 

' Here /*(a;) = (loga)"a*; .•./"(^a:) = (loga)"a«^ 
and /«(^a:),^" = i^i5g^a^x. 

Since a^* is finite, and ^ — -£^LL ji^ o as n increases indefi- 
nitely (§ 101) ; ^ 

(0? log a)\,.^Q 

\n_ 

as n increases, and the formula develops the function (§ 100, 
Cor. 2). 
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103. To prove that Madaurin'a formula develops sinx. and 

C08X. 

The nth derivative of eadh of these functions is finite, how- 
ever great n may be ; hence Maclaurin's formula develops both 
of them (§ 101, Cor.). 

104. To determine for whoul values of x Madaurin's formula 
Uvelops log ( 1 -f x) . 

The formula gives (§ 96), 

KV-r-/ 1 23 4 w-1 

H • 

n 

The ratio of the ntli term to the term before it evidently 
approaches -^o; as 7i increases. Hence, if x is numerically 
greater than 1 , the series is divergent, and cannot be the devel- 
opment of log(l + a?). We need, therefore, to examine the 
value of the last term of the formula only for values of x be- 
tween — l and -fl. 

(-.l)»-i |n-l 



r(^) = - 



r.nOx) 



(14- a;)" 



V + ex) 



For values of x between and +\^^ ^ — andf ] 

n yi-^-OxJ 

each approaches as n increases ; hence the formula develops 

log (1 -f- a?) for these values of x. 

When X lies between and —1, let Xi represent its absolute 
value ; then x = --Xi^ and log(l -j- a?) = log(l — x^) . 

Using the second form of the formula, we have, numerically, 

•' ^ ''' |n-l {\-6x^y 

_ / Xi— gxi N"-' a;, ^ 
\\-OxJ 1-Oxi' 
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For values of Xi between and +1, ^-— is finite, and 

1 — ^0^1 

fXi-- — Xi\ appi.Qa.ches as n increases. Tlie formula there- 
fore develops log (l + x) when x lies between and —1. 

Hence, Maclaunn*s formula develops Zo^(l -|- x) for values of 
X between —1 and +1' 

106. To determine for what values of x Maclaurin's form%da 
develops (l-j-x)"". 
The formula gives 

If m is a positive whole number, f*(Ox) — =0 when n=m-f-l ; 

hence, in this case, Maclaurin's formula develops (1+ a?)"* in a 
finite series of m + 1 terms. 

If m is negative or fractional, the series is infinite. The ratio 

of the (?i + l)th term to the nth is — "~^"^ a, which approaches 

n 

— aj as n increases. The series therefore is divergent, and can- 
not equal (1 + a?)"* when x is numerically greater than 1. Hence 
we need examine the value of the last term of the formula only 
for values of x between -f-1 and —1. 

Here fn(^)^ ^{^-'^)-{'^-^-^^){^ +^r . 

' [-"-'>"^°'-°^" ^](h^)'<'+'')-- 

When X lies between and 1, (1 -I- 0a?)* is finite, 
and [ —J = 0, as n increases indefinitely. 
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An increase of 1 in the number of terms multiplies the factor 

in brackets by — ^^-—x, which approaches — a; as n increases. 

n 4- 1 
Hence the last term of the formula approaches as n increases ; 

and the formula develops (1 -{-«)"• for values of x between 

and +1. 

Using the second form of the formula, we have 

|n — 1 

L |h-1 JV-^OxJ 1-^ 

For values of x between and —1, ^ ^ is finite; 

1 — 

approaches as ?i increases ; and an increase of 1 in 



[l-hOxJ 



the number of terms multiplies the factor in brackets by x, 

n 

which approaches — a: as n increases. Hence Maclaurin's for- 
mula develops (1 + a?)* for all values of x between —1 and +1. 

106. The Binomial Theorem. Since (a + a;)"' = a"'A4-?j , 
and M-I-? J can be developed by Maclaurin's formula, when x 
is numerically less than a (§ 105) ; therefore, in this case, 

(a + a;)"'==a"-f-?na'*-^a; + ^^^""'^^ a"'-V-f««» (1) 

For like reason, when x is numerically greater than a, 

{x + a)'^==ar + mxr-hc-i-^^'^^^^^-af-^^ (2) 

Hence one, and only one, form of the development of (a-^-x)"* 
holds for any set of values of a and x. 
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107. To develop tan'^s.^ and find the value ofir. 

J l + as* 
When X lies between —1 and +1, 

— i— = (l+a^)->= l-a^+^^-a^+a^- - ; § 105. 

-f- I Qi^dx 

Hence, if x is numerically less than 1, 

tan-'x = .-f + f-f + f-... (1) 

= 0, since tan~*aj = when a; = 0. 
If we put aj=-J-, equation (1) becomes 

tan-\,1 = 2:=JiA-i + J— JL + ...V 
\3 6 \3V 9 45 189^ 7' 

.•.. = 2V-3(l-l + ±-^g + ...) = 3.141592+. 

108. To develop sin'^x^ and find the value ofir, 

sin ^x = x-i , 

2.3 2.4.5 2.4.6.7 ' 

when X lies between — 1 and -f 1 . 

.!: = iA+J-+J- + -A- + ...V 

"6 2\ 24 640 7168 y ' 

or, ^ = 3.141592-+-. 

It was by means of this series that Sir Isaac Newton com- 
puted the value of tt. 
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109. To prove geometrically that f (a + h) = f (a) + lif'(a+^h), 
f (x) and f (x) being continuous and finite be- 
tween X = a and x = a -f h. 

Let pp'p" be the locus of y =/(«) , a = oa, 
and ^ = AN ; then / (a) = ap = nm, and 
/(a -h h) = Np". The curve must be parallel 
to the chord pp" at some point p' between p 
and p". Now, ob = oa + ab = a + ^^, $ hav- 
ing some value between and 1 ; 

hence f'(ct-\-Oh) = tan bdp'= tan mpp". 

.-. Mp"= PM tanMPp"= hf'{a -f Oh) ; 

.-./(a + h) = NM + Mp"=/(a) -f hf'{a + eh). 




Examples. 



1. Develop (a^-^ba^)^, 

^ ^ ^2a Sa^ Ua' 

x^ 2x^ 

2. Prove that tan ic = a? H 1 1 

3 15 

3. Provethatseca;=H- — -f— + — + ••• 

2 24 720 

4. Given/(a:) = 2ar^ — 3ic2-f-4a; — 3, to find the value of 
f{x -f- h) , h being a variable increment of x. 

Here f(x) of Taylor's formula is 

2a:^ — 3x^ + 4x-S, smdy^h; 

.-. /'(a;) = Gar'- 6a; H- 4, /"(«)= 12a; -6, 

/'"(a;) = 12, and/"(a;) = 0. 

.\f(x-hh)=^2a^'-Sx'-h4:X--S + (Qx'^6x + 4)h 
-h{6x-3)h^-h2h\ 

5. Given f{x) = 2 a;^ — 3 a;, to find f{x -f- Ji) . 
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6. Develop sin (x + y). 

am{x + y) = Biaxfl-^+l^-^+...\ 

= sin a; cosy -I- COS iB sin y. §§ 93, 94. 

7. Prove that cos (a; -f y) = cos x cos y — sin x sin y. 

8. Prove that e^^" = e(l-^^ + ^^^^ 4. ...Y 

V 11 ii 11 y 

9. Prove thatlog(l-|-sina;) = ic- — -h — ^ — -f ... 

^^ ^ 2 6 12 

10. Develop e'^'. e^' =l4-a; + .^-^ + ^-i^4-... 

11 11 LI 11 

11. Develop 



V 6=^ - c^or^ 



12. Develop ic^e*. aJc' = a^H-ar^ + — 4-~4- ... 

LI II 

13. Develop log(H-eO. log2 4- | + |-|J^4-••. 
14. Prove that, if /(a?) =/( — «) ? the development of f(x) 

contains only even powers of x ; while, if f(x) = —/(—a;) , the 
development of f{x) involves only odd powers of x. 

15. What powers of x appear in the development of sin a;, 
and why ? cos x ? tan x ? sec x ? sin~^ x ? tan"^ a; ? 



CHAPTER VIII. 
MAXIMA AND MINIMA. 

110. A maximum value of a function of a single variable is 
a value that is greater than its immediately preceding and suc- 
ceeding values. A minimnm value is one that is less than its 
immediately preceding and succeeding values. 

Therefore, if we conceive x as always increasing, f(x) must 
be an inci-easing function immediately before^ and a decreasing 
function immediately' afier^ a maximum ; also, immediately be- 
fore a minimum, f{x) is a decreasing^ and immediatel}' after 
an increasing function. 

Hence, f(x) is j^ositive before and negative after a maximum 
o/'f(x), and negative before and positive after a minimum, 

111. From § 110, f{x) must change its sign as f{x) passes 
through either a maximum or a minimum. But, to change its 
sign, f{x) must pass through or oo. 

Hence, any value of x that renders f (x) a maximum or a 
minimum is a root of f'(x) = or f'(x) = oo. 

The converse of this theorem is not true ; that is, any root 
of /'(aj) = or 00 does not necessarily render /(a:) a maximum 
or a minimum. These roots are simply the critical values of ic, 
for each of which the function is to be examined. 

To illustrate geometrically the preceding definitions and 
Y principles, suppose aVi' to be the locus 

g, of y = f{x) . Then, by definition, axi\ 

<iy^T\ , cc', and ee' are maxima, and bV and cZd' 

I V^AA' are minima of f(x) . In passing along 

j i T ; i\ ^ the curve from left to right, the slope 
oa h c d € h Qf ^i^Q curve /' (x) is positive before. 

Fig. 27. , ^. A • ^• 

and negative after, a maximum ordi- 
nate ; and negative before, and positive after, a minimum 
ordinate. 
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Moreover, at a point whose ordinate f{x) is a maximum or 
a minimum, the curve is either parallel or perpendicular to the 
axis of a, and therefore f\x) = or oo. 

At aj=o^, /'(aj) = 0, but lih' is neither a maximum nor a 
minimum of f{x) . 

112. Whether any one of the critical values of x renders f(x) 
a maximum or a minimum can be determined by one of the 
following methods : 

First Method. In this method we determine directly whether 
/'(a?) changes from positive to negative, or from negative to 
positive, as x passes through a critical value. 

Let a be a critical value, and h a very small quantitj*. In 
f'{x) substitute a — h and a -h 7i for x. 

If /'(a — h) is positive, and /'(a -f- h) negative, 

/(a) is a maximum. § 110 

If f'{a — Ji) is negative, and f{a + h) positive, 
/(a) is a minimum. 

If f\a — h) and /'(a -h h) have the same sign, 
/(a) is neither a maximum nor a minimum. 

Second Method. This method applies only to the roots of 
f{x) = 0. Let a be a critical value of x. Developing f(x—h) 
and f(x -f- h) by Taylor's formula, substituting a for a, trans- 
posing /(a), and remembering that /'(«) = 0, we have 

/(a-70-/(a)=r(a)|-/'»|+/'^(a)|-..., (1) 

and /(a+/0-/(a)=r(a)|V/V)|V/-(a)|+--- (2) 

If h be taken very small, the sign of the second member of 
either (1) or (2) will be the same as the sign of its first tenn. 
Hence, if /"(a) is negative, /(a) is greater than both /(a — ^) 
and /(a-h/Oi and therefore a maximum; while, if /"(a) is 
positive, /(a) is less than both f(a — h) and /(a -h ^0 ? and 
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therefore a minimum. If /"(a) is 0, and /"'(a) is not 0, 
/(a) is neither greater than both /(a — ^) and /(a -f- /i) , nor 
less than both, and is therefore neither a maximum nor a mini- 
mum. If /"'(a), as well as /"(a), is 0, and/*^(a) is negative, 
/(a) is greater than both /(a — h) and f{a -f ^), and therefore 
a maximum ; while, if f^{a) is positive, J\a) is a minimum, 
and so on. 

Hence, if a is a critical value obtained from f '(x) = 0, svbsti- 
tute a for x in the successive derivatives of f (x). If the first 
derivative thai does not reduce to is of an odd order, f (a) is 
neither a maximum nor a minimum ; but^ if the first derivative 
that does not reduce to is of an even order, f (a) is a maximum 
or a minimum, according as this derivative is negative or positive. 

113. Maxima and minima occur alteimately. 

Suppose that a < 6, and that /(a) and f(b) are maxima 
of /(a?). When x = a -^ h, f(x) is decreasing; and, when 
x = b — hj f(x) is increasing, h being very small. But, in 
passing from a decreasing to an increasing state, f{x) must pass 
through a minimum. Hence, between two maxima, there must 
be at least one minimum. 

In like manner, it can be proved that between two minima 
there must be at least one maximum. 

114. The solution of problems in maxima and minima is 
sometimes facilitated by the following considerations : 

(a) Any value of x that renders c -f^x) a maximum or a minimum, c 
being positive, renders /(a:) a maximum or a minimum. 

(6) Any value of x that renders lo^aflpc) a maximum or a minimum, 
renders f(x) a maximum or a minimum, a being greater than unity. 

(c) Any value of x that renders /(a:) a maximum or a minimum, renders 
—— a minimum or a maximum. 

(d) Any value of x that renders c -{-fix) a maximum or a minimum, 
renders f{x) a maximum or a minimum. 

(c) Any value of x that renders /(x) positive, and a maximum or a 
minimum, renders [/(ar)]** a maximum or a minimum, n being a positive 
whole number. 
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Examples. 

1. Find what values of x render 40?*— 15ic*-f 12aj — 1 a 
maximam or a minimum. 

Here /(a;) = 4ar»- 15a^-f-12aj- 1 ; 

.•./'(aj)=12a*-30a;-f-12, and /'(aj)= 24flj-30; 

hence the roots of /'(a?) = 12a^— 30aj -fl2 = 0, which are i and 
2, are the critical values of a; (§ 111). 

But f\i) = [24* - 30]i = - 18, 

and /"(2) = [24aj - 30]j = + 18 ; 

hence when x=zi, the ftinction is a maximum (§ 112), and 
when a; = 2, it is a minimum. 

2. Find the maxima and minima of aj* — 9iB*-f-15a; — 3. 

Here /'(aj) = 3aj2- 18a; + 15, and /'(«) = 6 aj- 18; 

therefore 5 and 1, the i-oots of /'(«)= 3a*— 18aj + 15 = 0, 
are the critical values (§111). 

/"(5) = [6aj-18]5 = +12, and /'(!) = -12; 

.-./(o), or [«*-9ir*+15flj-3]a,[=-28] isamin., 

and /(I), or [a^ — 9a*+15aj — 3]i, [=4] is a max. 

Let the student construct the locus of y = a^— 9a*+ 15x — 3, 
and thus exhibit these results geometrically. 

3. Examine a^ — 3a^+3a;+7 for maxima and minima. 
Here /'(aj) = 3aj*-6a;-f3, /"(aj)=6aj-6, and /"(a?) =6 ; 

therefore 1 is the critical value. 

But /"(l) = [6aj-6]i = 0, and /'"(1) = 6; 
hence the function has neither a maximum nor a minimum (§112). 

4. Examine «* — 5aJ* + 5a^— 1 for maxima and minima. 
Here f{x) = ar'-5aJ* + 5«*-l; 
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.-./'(a;) = 5iB*-20aj«-M5ic«, /"(») =20aj»-60a5«+30«, 
and /"'(«) = 60iB« - 120aj + 30 ; 

therefore 1, 3, and are the critical values. 

Since /"(1)=: - 10, /(!)[= 0] is a maximum. 
Since /" (3 ) = -f- 90, /(3 ) [ = - 28] is a minimum. 
Since f\0) = 0, and /'"(O) = 30, 

/(O) is neither a maximum nor a minimum. 

5. Examine (a? — 1)* (oj -h 2)' for maxima and minima. 
Here /'(«) = («- 1)^ (a? + 2)^(7 a; -f- 5), 

and the critical values are — 2, — ^, and + 1. 

In this example, the first method is to be preferred. By in- 
spection, we see that 

/'(- 2 - ^) and /'(- 2 -h ^) are both positive ; 
hence /( — 2) is neither a maximum nor a minimum (§112). 

/'(--f-70is+, and/'(-^ + ;i)is-; 
hence /( — ^) is a maximum (§ 112). 

f\l^h) is -, and /'(1+/0 is +; 
hence /(I) [== ^] is a minimum. 

6. Examine 6 -f- c (a; — a)* for maxima and minima. 

Here /'(a.) = —1^ ; 
3(a; — a)* 

and the critical value is a, the root oif\x) = oo. 

^ is — , and — ^ — is + ; 



3(a~^-a)* 3(a-|-/i-a)» 

.'./(a) [=6] is a minimum. 

7. Examine -^ ^ for maxima and minima. 
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and the equations f{x) = and f(x) = oo give -, ^, and a as 

4 2 
the critical values. 

By inspection, we see that f{x) changes from negative to 

positive when ^^ = t > hence /( - ) is a minimum. But, as f\x) 

does not change its sign when aj = a or ^, /(a) and /[^j are 
neither maxima nor minima. 



8. Examine c -f V4 o?q^ — 2 aoj' for maxima and minima. 
By (d), (e), and (a) of § 114, any value of x that renders 
c -f V4aV— 2aic^a maximum or a minimum, renders 



V4aV-2aa^, 4aV-2aa^, and 2aaj*-iB» 

a maximum or a minimum. 

Hence, let/(ic) = 2aa? — ar*, etc. 

Ana, When a? = 0, c-f \/4aV — 2 aa^ is a minimum ; 
" x=^^a^ '' " is a maximum. 

9. What values of x render 2ar^ — 21a^-f-36aj — 20 a maxi- 
mum or a minimum ? 

Arts, /(I) is a max. ; /(6) is a min. 

10. Examine 3 a?* — 125 a^ -f 2160a; for maxima and minima. 
Ans, /(— 4) and/(3) are max. ; /( — 3) and/(4) are min. 

1 1 . Examine a* — 3ar^-h6a; + 7for maxima and minima. 

Ans, It has neither a max. nor a min. 

12. If /'(a;) = ar^(aj-l)«(a?--2)«(a;-3)*, what values of x 
render f{x) a maximum or a minimum ? 

Ans. /(O) is a max. ; /(2) is a min. 

13. Examine x{x -h ay {a — xY for maxima and minima. 

Ans. f(—a) and/[- J are max. ; /( — 2j is a min. 
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/p2 7a»-4- 6 

14. Examine x-— ^or maxima and minima. 

«— 10 

Ana. /(4) is a max. ; /(16) is a min. 

15. Examine ^ J^o ^^^ maxima and minima. 

(a? -3)* 

Ans. /(3) is a max. ; /(13) is a min. 

16. Prove that sin x + cos a; is a maximum when a; = ~- 



17. Examine , ^ for maxima and minima 



log a? 

loge 



Ans. is a min. 



1^ 
18. Prove that af is a maximum when x = e. 



19. Prove that sin «(! -f cos x) is a maximum when a? = ^* 

3 

20. Prove that is a maximum when x = cos x. 

l + xtsmx 

21. Examine the curve y = ar* — 3a* — 24aj -f- 85 for maxima 
and minima ordinates. 

Ans, 113 is a max. ; 5 is a min. 

22. Examine y = «^ — 9aj* -f- 24 a? -f 16 for maxima and min- 
ima ordinates. 

Ans. 36 is a max. ; 32 is a min. 

23. Examine 3^ = a^ — 3»^ — 9aj-h5for maxima and minima 
ordinates. 

Ans. 10 is a max. ; — 22 is a min. 

24. Examine y = aj* — 5a;*-|-5aj^-hl for maxima and minima 
ordinates. 

Ans. 2 is a max. ; —26 is a min. 

25. Examine 2/= sin^ajcosa; for maxima and minima ordi- 
nates. 

Ans. When a; = J tt, y = -^ V3, a max. 
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Geometric Problems. 

1. Find the altitude of the maximum cylinder that can be 
inscribed in a given right cone. 

Let IK be the cylinder inscribed in the d 

given cone dab. Let a=DC, 6=ac, y=MC, 
X = iM, and F= the volume of the cylinder ; 
then F= xa^. 

From the similar triangles adc and idh, 
we find 

or 

which is the function whose maximum is required. 
Let /(«) = a? (tt - xf, etc. § 114, (a) . 

Ans. The altitude of the cylinder = \ that of the cone. 

2. Find the altitude of the maximum cone that can be 
inscribed in a sphere whose radius is r. 

Let ACD and aob be the semicircle and 
the triangle which generate the sphere and 
the cone. Let x = ab, y = bo, and F= 
the volume of the cone ; then F= i^a^. 

Since y* = ab • bd = aj(2r— aj) , 

F=i7ra«(2r-aj), 

which is the function whose maximum is required. 

Ans, The altitude of the cone = \ the radius of the sphere. 

3. Find the altitude of the maximum cylinder that can be 
inscribed in a sphere whose radius is r. 

Let X = AB, and j/ = be ; 

then F= 2 irxj^ ^^irx{f-Q^). 

Ans. Altitude = frVS. 




Fig. 29. 
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4. Find the maximum rectangle that can be inscribed in an 
ellipse whose semi-axes are a and b. 

Ans. The sides are aV2 and 6V2 ; the area = 2a6. 

5. Find the maximum cylinder that can be inscribed in an 
oblate spheroid whose semi-axes are a and b, 

Ans. The radius of the base = ^a V6 ; the altitude = ^bVs. 

6. The capacity of a closed cylindrical vessel being c, a con- 
stant, what is the ratio of its altitude to the diameter of its 
base, when its lentire inner surface is a minimum ? What is its 
altitude? 

Let y equal the radius of the base, x the altitude, and S the 
entire inner surface ; then 

C=^7rxf, (1) 

and S==27rf + 27ryx. (2) 

From (1), 



dx 2x 
From (2), 



(3) 



f.''^*'"!^'"- <^> 



Since — = when >S is a minimum, from (4) we have 
dx 

^y- y 



dx 2y-\-x 
From (3) and (5), 



(5) 



_X= -y , ora; = 2y. (6) 

Hence, as S evidently has a minimum value, it is a minimum 
when the altitude of the cylinder is equal to the diameter of its 
base. 

From (1) and (6), 



M2ir 
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This problem might have been solved like those preceding it ; 
that is, by eliminating y between (1) and (2) at first. In many 
problems, however, the method given in this example is much 
to be preferred. 

7. The capacity of a cylindrical vessel with open top being 
constant, what is the ratio of its altitude to the radius of its 
base when its inner surface is a minimum ? 

Ans, Its altitude = the radius of its base. 

8. A square piece of sheet lead has a square cut out at each 
corner ; find the side of the square cut out when the remainder 
of the sheet will form a vessel of maximum capacitj'. 

Ans, A side = ^ the edge of the sheet of lead. 

9. Find the arc of the sector that must be cut from a circular 
piece of paper, that the remaining sector may form the convex 
surface of a cone of maximum volume, r being the radius of the 

^^^^^®- Ana. The arc = 2 Trr (1 - -J V6) . 

10. A person, being in a boat 3 miles from the nearest point 
of the beach, wishes to reach in the shortest time a place 5 miles 
from that point along the shore ; supposing he can walk 5 miles 
an hour, but row only at the rate of 4 miles an hour, required 
the place where he must land. 

Ans, 1 mile from the place to be reached. 

1 1 . Find the maximum right cone that can be inscribed in ii 
given right cone, the vertex of the required cone being at the 
<5entre of the base of the given cone. 

Ans, The ratio of their altitudes is \, 

12. A Norman window consists of a rectangle surmounted by 
a semicircle. Given the perimeter, required the height and the 
breadth of the window when the quantity' of light admitted is a 
maximum. 

Ans, The radius of the semicircle = the height of the rectangle. 
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13. Prove that, of all circular sectors having the same 
perimeter, the sector of maximum area is that in which the cir- 
cular arc is double the radius. 

14. Find the maximum convex surface of a cylinder inscribed 
in a cone whose altitude is 6, and the radius of whose base is a. 

Ans, Maximum surface = ^irab. 

15. Find the altitude of the cylinder of maximum convex 
surface that can be inscribed in a given sphere whose radius 
isr. Ans. Altitude = rV2. 

16. Find the altitude of the cone of maximum convex surface 
that can be inscribed in a given sphere whose radius is r. 

Ans. Altitude s=fr. 

17. Find the altitude of the parabola of maximum area that 

can be cut from a given right circular 
cone. 

Let OB = 26, oc = a, and bm = a? ; then 

qq'= 2mq= 2 Vmb • MO 




= 2Vaj(26 — a). 
Also, bo : BM : : oo : mp, 
or 2 6 : a; : : a : MP ; 

ax 



•.MP = - 



2b 



2a 



.area = fQQ'.MP = |^Var'(26-a;). 



§ 66, Ex. 1. 



Let f(x) = a^{2b-'X), etc. § 114. 

Ans. The parabola is a maximum when its altitude mp is f 
the slant height of the cone. 

18. What is the altitude of the maximum cylinder that can 
be inscribed in a given prolate spheroid ; that is, in a solid gen- 
erated by the revolution of a given ellipse about its major axis? 
An8. Altitude = the major axis divided bj' VS- 
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19. Find the number of equal parts into which a given num- 
ber a must be divided that their continued product may be a 

maximum. ^m, i.i»_x^ji-_^ 

Arts. The number of parts = -, and each part = e, 

20. A privateer has to pass between two lights a and b, on 
opposite headlands. The intensity of each light is known, and 
also the distance between them. At what point must the pri- 
vateer cross the line joining the lights, so as to be in the light 
as little as possible ? 

Let d = the distance ab, and x the distance from a of any 
point p on ab. Let a and b be the intensities of the lights a 
and B respectively, at a unit's distance. By a principle of 
Optics, the intensity of a light at any point equals its intensity 
at a unit's distance divided by the square of the distance of the 
point from the light. 

Hence — r- -\ is the function whose minimum we seek. 

or (d — xy 

Ans, « = - 



ai-f-64 



21. The flame of a lamp is directly over the centre of a cir- 
cle whose radius is r ; what is the distance of the flame above 
the centre when the circumference is illuminated as much as 
possible ? ^ 

Let A be the flame, p any point on the circum- 
ference, and X = AC. By a principle of Optics, 
the intensity of illumination at p varies directly 
as sin cpa, and inversely as the square of pa. 

Hence ^^ ., , is the function whose maxi- ^ _ 

mum is required, In which r is the radius of the 

circle, and a is the intensity of illumination at a unit's distance 

from the flame. ^^^^ x = irV2, 

22. On the line joining the centres of two spheres, find 
the point from which tlie maximum of spherical surface is 
visible. 
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Let q[> = ?•, cp = ij, cc = d, and ca = a;, a being any point on 
mM. From a draw the tangents Ap and ap ; then the sum of the 

zones whose altitudes are nm 
and NM is the function whose 
maximum is required. 

Since cn = — , by Geometry 

we have 

zone n??i = 2'nr - nm = 2'irr(r — en) = 2 vIt^ J- 

\x d — xJJ 




Hence 2^ 



imum IS 



sought 



is the function whose max- 
Ans. fl5 = — — — -• 

23. Assuming that the work of driving a steamer through 
the water varies as the cube of her speed, find her most eco- 
nomical rate per hour against a current running c miles per 
hour. 

Let V = the speed of the steamer in miles per hour. 

Then av^ = the work per hour, a being constant ; 
and v — c = the actual distance advanced per hour. 

Hence = the work per mile of actual advance. 

V — c 

Ans. v = ^c. 



CHAPTER IX. 

FUNCncmS OF TWO OR MOKE TARIABLES, A5D CHANGE OF 
THE INDEPENDENT TARUBLE. 

115. Fnnctioiu of two or more Variables. Since any inde- 
pendent variable is some arbitrary function of t, t representing 
time, a function of any number of independent variables may 
be regarded as a function of the single variable t^ and therefore 
differentiated by the rules alreadj- established. 

/(a, y), read "function of x and y," represents any function 
of X and y; 2^%^ ot? -\- xif -\- xy and sin(a; -f y) , 

/(a?, y, 2), read "function of x, y, and 2," represents any 
function of a;, y, and z, 

116. A Partial Differential of a function of two or more vari- 
ables is the differential obtained on the hypothesis that only one 
of the variables changes. 

117. A Total Differential of a function of two or more vari- 
ables is the differential obtained on the hypothesis that all its 
variables change. 

118. A Partial Derivative of a function of two or more vari- 
ables is the ratio of the partial differential of the function to 
the differential of the variable that is supposed to change. 

119. A Total Derivative of a flinction of two or more vari- 
ables, of which only one is independent, is the ratio of the total 
differential of the function to the differential of the independent 
variable. 

If u = f(Xj y)^ the partial differentials of u with respect to 

X and y are written d,i4 and d^w, or -— dx and -— dy ; and the 

ax dy 
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partial derivatives, or differential coefficients, are written 

(Lu -, dju . , cZw J du 

-^^ and -J^, or sunply — and — • 
dx dy dx dy 

120. The total differential of a function of two or more vari- 
ables is equal to the sum of its partial differentials. 

For, if u =/(«, y) , it is evident, from the general principles of 
differentiation, that du can contain only such terms as are of the^ 
first degree in dx and dy. 

Hence du = <^(a;, y)dx -f- ^i(aj, y)dy^ (1) 

in which <t>{x^y) and 4>i{x^y) represent the sums of the co- 
efficients of dx and dy in the different terms of du. 

Let x^ and jf be any set of values of x and y ; then we have 

du = </>(a;', y^)dx + <i>i{x\ y')dy. (2) 

Let y be regarded as constant ; then dy = 0, </>(«', y') remains 
unchanged, and (2) becomes 

d,u=:4i(x% y')dx. (3) 

If X is constant, (2) becomes 

dj,u=cl>i{x\y')dy. (4) 

Adding (3) and (4) , and remembering that x' and y' are any 
values of x and y, we have in general 

d^u + dyU = <l>{x^ y)dx + <l>i{x, y)dy = du. 

Since a similar process of reasoning could be extended to a 
function of n variables, the theorem is proved. 

If X and y were not independent, the demonstration given 
above would still hold ; for the idea of a partial differential of a 
function sets aside any question concerning the dependence of 
its variables. 

121. Signification of Partial Derivatives. From § 31 it is 
evident that a partial derivative expresses the ratio of the rate 
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of change of the function to that of its variable, so far as its 
rate depends on the variable supposed to change ; and that a 
function is an increasing or a decreasing i\inction of any one of 
its variables, according as its partial derivative with respect to 
that variable is positive or negative. 

Examples. 

1. ussby^x + ca^-^gj^ + ex; find dw. 
Here d^u = (by^ +2cx + e)dx^ 
and d^u = (2hyx + 3gf)dy ; 

.\du z=z(bf + 2cx-\-e)dx + (2byx + Sgf)dy. 

Ana. du=iy log ydx-\- xtf'^dy. 

y 

du = -dx + logxdy. 

se' + y* 
dM-y-to. logy COS a!d« + 4^dy- 



2. 


« = y". 




8. 


w = loga:'. 




4. 


« = tan-|. 




5. 


M=:y''°'. 




6. 


u 5= log tan~ 


y' 


7. 


u = ^ + t. 





(a!« + y»)tan-'2 

du^^dx + ^dy. 
a or 

122. If u=zf(x, y^ z), and ys=^(aj), and z = <l>i{x)^ u is 
directly a function of a;, and indirectly a function of x through 
y and z. If u=:f{z^ y), and y = <^(aj), and » = ^(aj), w is, 
in like manner, indirectly a function of x through y and z. In 
all such cases the total derivative of u with respect to x can be 
obtained by finding the value of u in terms of a;, and differen- 
tiating the result ; but in many cases it is more readily obtained 
by using the formulas of the next article. 
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123. If w = /(a;, y, 2), and y =</>(«), and 2 = </>i(aj), 

we have du = pcb: + ^dy + ^cbs; §120 

ax ay dz 

[_dxj dx dydx dz da?' 

in which -^, -S, and -2 are «^e partial derivatives, and 1—1 
dx dy dz ^ ' |_dxj 

the total derivative of u. 

Cor. 1. If u^f{x,y), and y^^{x), du = ^da; + ^dy; 

da; dy 



f— "1 — — ^^ ^. 
" Lda; J da? d^ da; 



Cor. 2. If u=f(y^z), and y=<^(a:), and 2 = «^i(aj), 

J dtt 7 . du J 

dtt = — dy H d2 ; 

dy d2; 



• f— 1 = — ^-l-~— . 
Lda? J dy da? dz dx 



Cor. 3. If u = f{y), and y=</>(a;), dtt = — dy; 

c2y 

. du __ da dy 

" dx dydx 

Rem. To make the above theorem and corollaries intelligible, 
the signification of each term and factor must lie had clearly in 
mind. Thus, m the theorem, -^ denotes the total derivative 



of u with respect to a;, that is, the derivative obtained on the 

hypothesis that a;, y, and z are all changing according to the 

du 
given conditions ; while -- denotes the partial derivative of u 
dx 

with respect to a?, that is, the derivative obtained on the hypo- 
thesis that y and z are constant. 

* ADalysts are not agreed as to the best means of distinguishing total 
from partial derivatives ; but we shall always distinguish the total deriva- 
tive of a function of two or more variables by enclosing it in brackets. 
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Examples. 

1. uz=zz^ + f + zy, z^smx, and y = e*; find ["—1. 

Here W^^^^^*^. .j. 

[dxj dydxdzdx ^ ^ 

p^Sf + z, f = 2z + y, 
dy dz 

^ = C08ir, and ^=e«. 
dx dx 

Substituting these values in (1), we have 

[^^(Sf + z)€- + {2z-^y)coBX 

= (3e** -f sina?)e" 4"(2sina; + e*)cos« 
= 3 e** -f e*(sin x + cos a?) + sin 2 x. 

This same result could be obtained by substituting in u the 
values of y and z in terms of a, and then differentiating. 

2. w=:tan-\a^), and y = e'. Ans. [^l^^iLt^. 

[dxJ 1 + a?^' 

3. u=se'"(y — z), yssasina;, and » = cos a?. 

[|]=(a» + l)e-8inx. 

4. w = tan-*?, and a^-^-y^ssr^. 






1 



V?^^ 



5. tt = sin|, 2 = e*, and 2/ = a*. 



[dul , Q. e" e" 
-J=(x-2)-co8-. 

6. w = v^+y, andy = maj4"C. 



130 FUNCTIONS OF TWO OR MORE VARIABLES. 



7. t4 = sm~\y— 2), y=3a:, and z^4a^. 






8i w = aj*2/* — -^H-a:*, and y = \ogx. 



[^|J = a^[4(loga:)« + 3i]. 



124. Implicit Fnnctioiui. The equation /(a;, ^) = indicates 
that either y or a: is an implicit function of the other. It 
represents any equation containing x and y when all its terms 
are in the first member. Implicit functions have been differen- 
tiated heretofore, but the formula in § 125 is often useful in 
obtaining the first derivatiye of any such function. 

126. If u=^f{x,y),du = pdy-^^dx. (1) 

ay ax 

If n is constant, du = 0, and from (1) we obtain 

du 
dy ^ ^ 
dx'^ du 

dy 

in which — and -^ are partial derivatives. 
dx dy 

When u is constant, du = d^u -\- d^u =:^ ; but, in general, 
neither d^u nor d^u is zero. 



Examples. 

1. t/«-2aj*y + 2>«=0; find ^. 

dx 

Here ^=-4ya; + 6, p = 3f^2x^; 
dx dy 



dy _^ dx __ 4tyx—h 
'di"""^""3y*— 2ar»' 
dy 
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2. ar^-h2/'-3aa;y=c = u. ^^^^^^^ 

ax oo? — ^ 

da; x\y\ogx^xj 

5. /(aaj4"^y) = c. 

Here /(aa; + by) = c = w ; 

aa; dy 

dy____a^ 
" dx b 

6. a5^-2r=0. d^^f-xylo^y^ 

dx x^ — xy log a? 

da? y^H-oaj 

126. General formulas for the successive derivatives of an 
implicit function can be easily deduced ; but they are so com- 
plicated that, in practice, it is generally more convenient to 
differentiate directly the first derivative to obtain the second, 
and so on, than to use these formulas. 



Examples. 

1. Find^ when2^-2a;y + c = 0. 
dor 

Here ^ ^-^ (1) 

dx y — x 

Differentiating (1), we hare 

Cpy_ '^ 'dx ^\dx )J dx 

d3?~ (3/ — «)' (y — «)' 



(2) 
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From (1), (2), and the given equation, we obtain 
d^y _ y^~-2xy __ — c 

2. Given f-2axy + a^-c=0, to^ud^' 

(fi/_ (a^-l)(y^-2aa«^' + a^) ^ c(a'-~l) 
da^ {y — axY {y — axy 

3. Given3/» + a:»-3aa^ = 0; show that g = - -|^5^. 

^ dor (y^-^axy 

127. Successive Partial Differentials and DerivatiYes. If 

u=f{x,y)^ X and y being independent, d^u and d^w are, in 
general, functions of both x and y. Differentiating d„u and d^u 
with respect to either variable, we obtain a class of second par- 
tial differentials. By differentiating these second partial differ- 
entials, we obtain a class of third partial differentials ; and so 
on. In finding these successive partial differentials, we regard 
dx and dy as constant, since we may suppose x and y to change 
uniformly. 

The successive partial differentials are represented as follows : 
"{dx J\_ dy\dx ) " ] dxdy * 

d^u 

Hence ^dxdy^ is a symbol for the result obtained by dif- 

dxdy^ 

ferentiating u=f{x,y) three times in succession: first, once 
with respect to a;, and then twice with respect to y. 
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The symbols for the partial derivatives are 
dSjL cPu cPu dhc d^u 



dx"' dxdy df dx"' d^dy 



etc. 



128 Tf —fi \ ^^ — ^^ fPu __ cPu . 
^ dydx dxdy^ dydT? do^dy 

that is, i/* u he differentiated m times with respect to x, and n 
times with respect to y, the resuU is the same^ wJiatever be the 
order of the differentiations. 

For — = ^™^* r /(a? + Aa;,y)-/(a;,y) "| 

dx Ax=0|^ Aaj J 

Regarding this expression as a function of y, finding its incre- 
ment, dividing by Ay, and remembering that the difference 
between the limits of two variables is equal to the limit of their 
difference, we have 

d_/du\ 

dy \dxj 

f limit ryia^+A3:,y+Ay)--y];ar,y+Ay)-^T-fAx,.v)-f/Ir,7/r , j 

_ limit J Ax=:OL Ax I . 

-Ay=5:0[ Ay J 

dx\dy) 

same expression, except that the order of the limits would be 
reversed ; but, from the nature of the process of passing to a 
limit, it is evident that this change of order does not affect the 
value of the expression. 

Hence A /^^^ = J^ /^^A or-^^=-^^« (l^ 

dy\dx) dx\dyj dxdy dydx 

Again, since 

cTt^ d^u 



In like manner, we should obtain for the value of — ( — ) the 



dxdy dydx* 

d^u __ d^u 
dxdydx dyda^ 



(2) 
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But, from the principle in (1), we have 

A.A/^^^ = A.A/^^^ or <P>^ -_ <^ . (o\ 
dx dy\dx) dy dx\dxj^ dxdydx"^ dx^dy 

From (2) and (3), 

dyda^ da^dy 

This method of reasoning evidently applying to all cases, the 
theorem is established. 

Examples. 

d^u cPu 



1 . u=s cos (x-i-y) ; verify 

2. tt=:a^y^-|-a^; verify 



dydx dxdy 
dPu dht 



dy^dx dxdy^ 

3. w = log(a? + .y) ; find the first, second, and third partial 
derivatives. 

4. w = tan '^; venfy --- = --— - 

X axray ay dxr 

5. u=sm(bx' + af); verify ^" ^^ 



129. To find the successive differentials of a function of two 
independent variables. 

Let u =/(», y) ; then 

du = ^dx-^^dy. (1) 

dx dy ^ ^ ^ 

Differentiating (1), remembering that — and — are, in gen- 
era; dy 

eral, functions of both x and y ; and that, as x and y are inde- 
pendent, dx and dy may be regarded as constant, we have 
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Differentiating (2) , remembering that, in general, each term 
is a function of both oj and y ; and that the total differential of 
each is the sum of its partial differentials, we obtain 

da? dsfdy dxdy^ dy^ 

Differentiating this equation, we obtain an analogous expres- 
sion for d*M, and so on. 

By observing the analogy between the values of dht, and fPw, 
and the development of the second and third powers of a bino- 
mial, the formula for d^u may be easily written out. 

130. Change of the Independent Variable. The forms of the 

successive derivatives of -^ used thus far have been obtained 
dx 

upon the h^'pothesis that x is the independent variable, and that 
dx is constant. In applications of the Differential Calculus, it 
is often desirable to change the independent variable, and to 
regard the original function, or some other variable, as the inde- 
pendent variable. We proceed to find the forms of the succes- 
sive derivatives of -^ upon other hypotheses than that dx is 
constant. 

131. To find the successive derivatives of — ^ ; that is, the forms 

dx 

ofiLfHZ 1 iL.iLf J) etc.. when neither x nor y is indepen- 
•^ dxVdx/ dx dxVdx/ ^ ^ 

dy 
dx 
able numerator and denominator ; and we have 

d fdy\ _ dxdJ^y — dydrx ^x 

dxKdxj" dx" ' ^ ^ 



dent, 



If neither x nor y is independent, -^ is a fraction with a vari- 

dx 
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Differentiating (1), we obtain 



dx dx\dxj dx\ 



d^ 



_ (c^ydX'-c^xdy)dx—3(d^dx—cPxdy)cPx ,^>. 

dx^ ' * ^^ 

In like manner, we obtain the other successive derivatives. 

Cor. 1 . If 1/ is independent, that is, if dy is constant, 

d^y = 0, and ^y = 0, 

and (1) and (2) become 

Afdy\^ ^ 

dx\dxj da^ 



^xdy .g. 



and d d fdy\^ S(d^xydy-d^xdydx ,^. 

dx dx\dxj d^ ^ ^ 



Cor. 2. If dx is constant, d^a; = cfi» = 0, and (1) and (2) 
become 

_ ^ ^d!Hi 



A/^^A = ^, and— .— /^^^ = ^, 
dx\dx) dx^^ dx dx\dxj dx^' 

which agrees with § 74. 



Rem. Hence, to transform a differential expression in which 
X is independent, into its equivalent in which neither x nor y is 

independent, we replace — ^, — ^, etc., by their equivalents upon 
dor dsr 

the new hypothesis, which are found in (1), (2), etc. 

If, in the transformed expression, a new variable ^, of which 
a? is a function, is to be the independent variable, in the general 
result obtained above we replace a?, da, d^x^ etc., by their values 
in terms of and its differentials. 

If y is to be the independent variable, in the given expression 

we replace — ^, --^, etc., by their equivalents in (3) , (4) , etc. ; or, 

in the general result first obtained above, we put d^y = 0, d^y = 0, 
etc. 
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Examples. 

1. Given ycPy -f d'f -\- d7? = 0, in which x is independent, to 
find the transformed equation in which neither x nor y is inde- 
pendent ; also the one in which y is independent. 

Dividing both members by do^^ substituting for --^ the sec- 

ond member of (1), § 131, and multiplying both members by 
da;^, we have 

y{d?ydx — cPxdy) -f dy^dx-^ da^ = 0, 

in which neither x nor y is independent. 

Putting (Py = 0, and dividing by — dj/^, we have 

dy^ df dy 
in which the position of dy indicates that y is independent. 

2. Given — ^ -^ H ^— =0, in which x is indepen- 

dar 1 — ar da: 1 — ar 

dent, to find the transformed equation when x = cos 6, and is 
independent. 

Substituting for --^ the second member of (1), we have 
dxr 

dj^ydx--d?xdy x dy V =o (i\ 

d^ l-x'dx'^l-^ ' ^ ^ 

Since x = cos 0^ 1 — a^ = sin^^, 

dx = — sin dO^ and d^x = — cos Od6^. 

Substituting these values in (1), and simplifying, we have 
in which is independent. 
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in which x is independent, to find 



dfli 

3. Given B = ^ ^ 

the value of B when x = pcos6^ y = pQm6^ and is inde- 
pendent. 
From (1), § 131, 

iJ=_(^±ML, (1) 

dxdhf-^dyd^x 

in which neither x nor ^ is independent. 

From y = p sin^, and x=:^p cos^, we obtain 

dy = sin ^(Zp 4- p cos^d^, 

dx = cos ^cZp — p sin61d^, 

cPy = sin ^d^p + 2cos OdOdp — p sin tfdfl^, 

and d^x = cos ^ d^p — 2 sin OdOdp — p cos^d^. 

Substituting these values in (1), and simplifying, we have 

^ ^ dg" *^d^ 

4. Given 3^4--3^-f2^ = 0, to find the transformed equa- 

dO/ xdx 

tion when iB* = 42J, and z is independent. 

dr d2 

5. Given (l-ic2)^-.a?^ = 0, to find the transformed 

dsr dx 

equation when a; = cos 2;, and z is independent. 

Ans. ^ = 0. 
dr 

6. Given g = ^ ^""2^ ^ to find the transformed equation 

ydy-^-xdx 

when a; = p cos 0, ^ = p sin d, and p is independent. 

Ans. ».= ^. 
dp 



CHAPTER X. 
TANGENTS, NORMALS, AND ASYMPTOTES. 

132. The Sectangnlar Equation of the Tangent to any plane 
curve at («', y') is 

y-y'=g^-a'')- (a) 

For line (a) passes through {x\ y') ; and, by § 16, it has the 
slope of the curve at («', y*) . 

CoR. When the axes are oblique, -^^ is evidently the ratio 

of the sines of the angles which the curve at (a?', y') makes with 
the axes ; hence, in this case also, (a) is the equation of the 
tangent. 

133. The Sectangular Equation of the Normal to any plane 
curve at (a?', y') is 

For, the axes being rectangular, line (b) is perpendicular to 
line (a) of § 132, and therefore to the curve, at (a;', y'). 

Examples. 

1. Find the equations of the tangent and normal to the 
parabola y* = 2px. 

Here ^=^; .'M==?-. 
dx y' ' dx' y* 

-f^^ represents the value of -^ at the point {x',i/), 
ax' dx 
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This value of ^, substituted in (a) of § 132, and (b) of 
dx' 

§ 133, gives 

y' 

and y-y=--^(i»-a;'), 

as the equations of the tangent and normal respectively. 
Since y'^ = 2px\ equation (1) by reduction becomes 
yy*=p(x-\-x'). 

2. Find the equations of the tangent and normal to the circle 

X 

3. Find the equations of the tangent and normal to the 
ellipse ay + 6V = a26^ 

Ana. a'yy'+b'xx'=a'V; y -.y=^|(aj-aj'). 

4. Find the equations of the tangent and normal to the- 
hyperbola ahf — 6V = — a^V, 

Ans. a^yy' — Vocx' = — a^V ; y — ^= — ^^7 (« — «') • 

Irx' 

5. Find the equations of the tangent and normal to the cis- 

soid y^= • 

^^"* Ans 7/ - t/' - -t 5!i(?i?-l^ raj -_ aj' V 



, ('2a — x')i, ,x 

y — y = T -\ -IT (« — « ) . 



K3a-a;') 

6. Find the equation of the tangent to^=2ic^ — ar^ at a; = l.. 

Ans, y = ix-\-i; 1/ = — ^aj — |. 

7. Find the equation of the normal toy^ = 6a?— 5 aty = 5. 

Ans. yz=-.^x-^^.. 
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8. Find the equation of the tangent to the hyperbola referred 
to.its asymptotes, xy^m. ^^ ^ ^ ^ 2y'. 

•27 

9. Find the equation of the tangent to the cycloid 
il. _ ^y^ry-f. Aiis. y - y'=^^^^ (a? - a?') . 

134. Length of Snbtangent, Subnomial, Tangent, and NormaL 
Let PT be the tangent at the point p ^ 
(a;', y'), and ps the normal. Draw the 
ordinate pm ; then tm is called the sub- 
tangent, and ms the subjiormal. 

■m = -^ y'^j - F1..84. 

tan MTP ay' 

. • . subtangent = y ' — . > (1 ) 

MS = MP tan MPS = y' tan mtp = y' -^ ; 




. subnormal = y^-f-,' (2) 



. tangent : 



-■>FM' <») 



'-¥WW-' 



PS = V5^^ + Ms' ^xW + ( 2'' 5!:, ) ; 
. normal : 



Rem. If the subtangent be reckoned from the point t 
(Fig. 34), and the subnormal from m, each will be positive or 
negative according as it extends to the right or left. 
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Examples. 

1. Find the values of the subtangent and subnormal of the 
eUipse aY + Vx^ = aV. 

Subt. =y— =--^ = J— ; 

dy* Irx' x' 

2. Find the values of the subtangent and subnonnal of the 
parabola, circle, hyperbola, and cissoid. 

Ans. Parabola : subt. = 2aj' ; subn. =p. 

Circle : subt. = — ^ ; subn. = — x'. 

ay 

x'^ — a* h^x' 

Hyperbola : subt. = — ; subn. = — -. 

X a 

Cissoid: subt. = ^^(^^-f); subn. = 5!(3a-^ . 

3. Find the value of the subtangent of the logarithmic curve 
y = a'; also of 2/^ = 3 iB*- 12 at a? = 4. j^^g^ ^. 3, 

4. Find the values of the subnormal and normal of the cycloid. 

Subnormal = V(2 ?• — y)y = Vhb . hd = ph = ed. 
Normal = pd = Ved+ iip^ = V2 ry. 

Thus the normal passes through the foot of the vertical diam- 
eter of the generating circle, when it is in position for the 

point to which the normal 

T y^r^<i ^--^ is drawn. Moreover, since 

DPB is a right angle, the 
tangent passes through the 
other extremity of the ver- 
j tical diameter. This prop- 
erty furnishes a simple 
method of drawing a tangent and normal to the cycloid at any 
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point. Thus, to draw a tangent and normal at p, put the gen- 
erating circle in position for this point, and draw the vertical 
diameter bd. The lines drawn from b and d through p will 
be respectively the required tangent and normal. 

That PB is tangent to the cj'cloid at p is further evident; 
since, when the generating point reaches the position p, it is 
rotating about the point d, and is therefore moving in a direc- 
tion perpendicular to dp. 

135. Fundainental Principle in the Method of Limits. Let 

a, tti, p and )8i, be any four variables, so related that 

limit — = 1 , limit -^ = 1 , and limit ^ = c ; 
«! Pi p 

then, since ?: = « .^.^ = ^.^.4 
P 13 a, /?! ft a, 13' 

limit- = limit-^ X limit— x limit^ = limit-^. 
13 Pi a, 13 ft 

Hence, in any problem concerning the limit of the ratio of 
two variables^ either may be replaced by any other variable^ the 
limit of whose ratio to it is unity. 



136. Length of Subtangent, Subnormal, Tangent, and Normal 
in Polar Cnrves. Let ox be 
the polar axis, and p an}' point 
on the curve mn. Let arc pd 
= As, and ob = 1 ; then arc 
BE = A^, arc PM = /aA^, and 
MD = Ap. Draw the chords pm 
and PD, the tangent pz, and 
PH perpendicular, and zh par- 
allel, to OP, thus forming the 
right triangle pzh ; then 



limit 
AS-O 



pAo n_ 



chord PM 



:> 



1, §48. 




Fig. M. 
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and Hrnitr.^_1^1^ 

. limit fpA^ n limit [ "chord pm "] 
' • Aa=0[^ As J Aa=o[ehordPDj' 

nit r^"|— limit f MP "I 
= [_As J A« = Ol_chord pdJ" 



135. 



and ^^ 

The limit of angle mpd is evidently hpz ; and, in the isosceles 
triangle pom, the limit of angle pom being zero, the limit of 
PMO or its supplement pmd is a right angle. Hence the angles 
of the triangle iipz are the limits of the angles of the triangle 
mpd. Therefore the ratios of the sides of the triangle hpz 
equal the limits of the ratios of p A^, As, and Ap. Hence these 
sides may be taken as pd^, f/s, and dp. 

Draw OT perpendicular to op, and produce it until it meets 
the tangent in t. Draw also the normal pa, and the perpen- 
dicular ON upon the tangent. The lengths pt and pa are called 
respectively the polar tangent and polar normal; oa is the polar 
subnormal, and ot the polar subtangent. 

HP pdO / i V 

tan OPT = tan Hzp = — =-7-* K^) 

HZ dp 

HP pdO .^v 

sm OPT = sm HZP = — = -3— (^) 

zp ds 

From triangle hpz, 

d^'^zdp^'j-p^d^. (3) 

OT = OP tan OPT = p^ — ; 
dp 

,\ polar subtangent = p^ — • (4) 

dp 

OA = OP tan OPA = OP cot opt = -^ ; 

dO 

.'. polai- subnormal = -^' (5) 

^ dO 



2 J 

OP + OT 
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/. polar tangent = p -J 1 + p^-r^ (fi ) 



AP = V op^ -f OA^ = -%|p* + 






/. polar normal = -Jp^ + --^- (7) 

» = ON = OP Bin OPT = p^— = ^ — (8) 

137. That the sides of the triangle pzh (Fig. 36) may be 
taken as ds, dp, and pdO can be proved also as follows : 

When the generatrix of the curve is at p, the radius vector 
is increasing in length in the direction of pr, and the extremity 
of the radius vector drawn to p is moving in the direction of ph, 
at the rates at which the generatrix is then moving in these 
directions. If, at p, the motion of the generatrix became uni- 
form along the tangent pz, it is evident that any simultaneous 
increments of its distances from p and lines ph and or may 
be taken as ds, dp, and the differential of the arc traced by the 
extremity of the radius vector to p, which equals pdO; for, 
if OB =s 1, B describes the measuring arc of the variable angle 0, 
and p is moving, as op revolves, p times as fast as b. Hence 
PH = pdO, and hz = dp, if pz = ds. 



Examples. 

1. Find the subtangent, subnormal, tangent, normal, andp, 
or the length of the perpendicular from the pole to the tangent, 
of the spiral of Archimedes p = a$. 

subnormal = — = a ; 
dO 

subtangent = p* — = -^ ; 
dp a 
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. tangent = p^l +p^|-^ = p^l + £5 ; 

r 
normal = VpM-a* ; i>= — - 



vyT^ 



2. Find the subtangent, subnormal, tangent, and normal of 
the logarithmic spiral p = a^. 

Arts. subt. = — ^ ; subn. = p log a ; 

loga' ^ ^ 

tan. = p-^/l-f-— i-— ; nor. =p Vl + (loga)-\ 
\ (log a) 2 

Since tan opt =£ — = , this curve makes the same angle 

dp log a 

with every radius vector, and therefore is called the equiangular 

spiral. 

If a = e, tan opt = 1, opt = -, subtangent = subnormal, and 
tangent = normal. 



3. Find the subtangent, subnormal, and p of the lemniscate 
of Bernouilli p^ = a^cos 2^. 

Ans, subt. = — — " — ; subn. = sin 2 ^ ; 

a^sm2^ p 

p= P' =£?. 

Vp* + a*sin-2(9 «' 



Bectilinear Asymptotes. 

138. A Bectilinear Asymptote is a straight line that has the 
limiting position of the tangent to an infinite branch of a curve. 
If a curve has no infinite branch, it evidently can have no 
asymptote. 

If X and Y represent the intercepts of a tangent on the axes 
of X and y respectively, from the equation of the tangent to 
any plane curve 
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we obtain X=aj'-y^» (1) 

and T=y'-x'^' (2) 

dx 

Now if, as the point of contact (a?', y') moves out along an 
infinite branch, the value of X or T or the values of both 
approach finite limits, it is evident that these limits will be the 
intercepts on the axes of an asymptote to that branch of the 
curve. 

Examples. 

1 . Examine 2^= 6a^ + a^ for asymptotes. 
Solving for y, we have 

As a? = 00,* y = 00 ; and, asa;= — oc, y= — oo. 

Hence the curve has two infinite branches, one in the first 
angle and another in the third. 

a;' 



r 



M' 



* x = a as i/= CO is read "x approaches a as its limit as y approaches 
infinity, or increases without limit." A variable cannot approach infinity 
aa its limit. For example, if y = -, and x=0, y does not approach infinity 

X 

as its limit ; for, when x is infinitely near 0, y is infinitely large ; but It 
doubles its value while x decreases by half its own value. Hence, as a: = 0, 
the difference between oo and y must always be many times as great as y, 
however great y may become. 
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Therefore, the line y = a? + 2, whose intercepts on the axes of 
X and y are respectively —2 and 2, is an asymptote to each 
branch. 

2. Examine the conic sections for asymptotes. 

Neither the circle nor the ellipse can have an asymptote, since 
neither has an infinite branch. 

The parabola has two infinite branches, one in the first angle 
and another in the fourth. 

Here X=x' — — = — «'== — oo as aj'== oo ; 
P 

and F=v'— ^ = -^ = 00 as a;' = oo. 

Hence the parabola has no asymptote. 

The hj^perbola has four infinite branches, one in each angle. 
In this curve 

X=aj'-^' = ^=±Oasaj'=±oo; 
Irx' x' 

r = 2^'-.£^ = _ A. =^ ± as aj' or y= ±00. 

ay y 

Hence the asymptote to each branch passes through the ori- 
gin. To determine the direction of these asymptotes, we have 

f( = ^ = ±_l= = ±Aasa.'=±oo. 

\ «'« 

Vx^ 
Since —^i ^^ positive for any point in the first or third angle, 

^ h 

and negative for any point in the second or fourth, y = - a? is 

the asymptote to the branches in the first and the third angle, and 
y = a; to those in the second and the fourth. These asymp- 
totes are evidently the produced diagonals of the rectangle on 
the axes. 

3. Prove that y = — a; is an asymptote to each of the two 
infinite branches of y* = a* — a*. 
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4. Show that y^ = ao^ has no asymptotes. 

139. Asymptotes Determined by Inspection or Expansion. 
From the definition of an asymptote, it follows that it is a line 
which an infinite branch of a curve approaches indefinitely 
near, but never reaches. From this view of asymptotes, we 
can often determine their equations by inspecting the equation 
of the curve, or expanding one of its members. Thus, in the 
cissoid 

01? 

jfiss , y== ± 00 as x = 2a. 

2a — a; 

Whence, a; = 2 a is an asymptote to the two infinite branches of 
the curve ; for they approach indefinitely near, but never reach, 
this line. 

In a? = logaV, or 2^ = a*, a; == — 00 as y = 0. The axis of x is 
therefore an asymptote to the infinite branch in the second 
angle. 

Again, the equation a?y — ay— 6aj = may be put in the 
form, 

x — a y — o 

from which we know that x=:a and y = b each is an asymptote 
to two infinite branches. 

The method of examining a curve for asymptotes by solving 
its equation for y, and then developing the second member in 
descending powers of a;, by Maclaurin's formula or some other 
means, will be illustrated by a few examples.* 

* The following is a brief view of another method of examining a curve 
for asymptotes. For a fuller treatment, see Williamson's Differential 
Calculus, page 240. 

Let the equation of a right line be 

y = /xx+v; (1) 

that of a curve of the nth degree, 

/(^,y)=0; . (2) 

that obtained by substituting ux + f' f or y in (2), 

^(x) = 0. (3) 
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Examples. 
1. Examine ar* — icy* -f ay^ = for asymptotes. 

From the first form of the value of y, x=a is evidently an 
asymptote to two branches of the curve that lie to the right of it. 
From the last form we see that two branches of the curve ap- 
proach infinitely near each of the lines y = ±a;±-, asaj=±oo. 

The curve therefore has three asymptotes, each of which is 
asymptotic to two infinite branches. 

Equation (3) is evidently of the nth degree, and its n roots are the 
abscissas of the n real or imaginary intersections of (1) and (2). If two 
roots of (3) be equal, two points of intersection of (1) and (2) will coincide, 
and, in general, (1) will be a tangent to (2). From Algebra, we know that, 
as the coeflBcients of ar»» and x**-^ approach zero as a limit, two roots of (3) 
increase without limit. Hence, if /t and i^ in (1) hare such values as ren- 
der these coefficients 0, (1) has the limiting position of a tangent to an 
infinite branch, or is an asymptote. 

For example, let the curve be 

y8=aar2 + aH». (1) 

Substituting ftx-{- v for y, and arranging the terms, we have 

(/*8-l)aJ»+(3/*2y-a)a:3 + 3^^^+^ = 0. (2) 

Two roots of (2) become oo, when /*' — 1 = 0, and Sfi^y—a = ; that is, 
when fi=lf and y = J a. Hence, y = a: +J a is an asymptote to (1). 

From the theory of equations, and this theory of asymptotes, the fol- 
lowing are obvious conclusions : 

(a) Any asymptote or tangent to a curve of the third degree intersects 
the curve in one, and only one, point. 

(b) Any asymptote or tangent to a curve of the nth degree cannot meet 
it in more than n — 2 points, exclusive of the point of contact. 
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2. Examine y* = a?^-^ for asymptotes. 

=..(.-±....). 

Hence y = ±x are the two asymptotes. 

3. Examine y^ = aoc^ — a^ for asymptotes. 



Ans, y = — aj-f-- 
3 



4. Examine y = c -f -^^ — ^ ^ for asymptotes 



Ans, y=^c^ and x=zb. 



5. Examine y^ = — — — for asymptotes. 
X — a 

Ans. x=a^ and y = ± (a? + a) . 



140. Asymptotes to Polar Curves. If, &s6 = 0\ p=oo, and 
the subtangent od == os, it is evident that sn, 
which is parallel to om, is an asymptote to the 
infinite branch pk. Hence, to examine a polar 
curve for asymptotes, we find from its equa- 
tion the values of which make p = ±oo. If 
the corresponding value of the subtangent is 
finite, the line parallel to the infinite radius 
vector, and passing through the extremity of 
the limiting subtangent, is an asymptote. 



Examples. 

1. Examine the hyperbolic spiral pO^a for asymptotes. 
Here p = - ; hence, when tf = 0, p = oo, and subtangent = —a. 

The curve therefore has an asymptote parallel to the initial line, 
and at the distance a above it. 
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2. Examine p cos 6 = a cos 2 for asymptotes. 

Here p = ^^^^ ; hence, when ^ = ^, p = ± oo, and subtan- 
^ cos^ 2 '^ 

gent = — a. 

The line perpendicular to the initial line at the distance a to 
the left of the pole is therefore an asymptote to two infinite 
branches. 

3. Examine p* cos ^ = a* sin 3 ^ for asymptotes. 

Ana. The perpendicular to the initial line at the origin is an 
asymptote. 

4. Show that the initial line is an asymptote to the lituus 
pV6 = a. 



Miscellaneous Examples. 

1 . At what angle does r/^ = 10 a? intersect a^+y^=z 144 ? 

Ans. 7r0'58". 



2. Find the subnormal of the curve ^ = 2 a* log a?. 



Am.^. 



3. Find the equation of the tangent to the curve 

^{'X + y)==^ a^{x — y) at the origin. 
Ans. y = x. 

4. Find at what angle the curve ^=2aaj cuts the cui-ve 

Ans, cot~^V4. 

5. Find the normal, subnormal, tangent, and subtangent of 

Z X 

the catenary y = 2 (e« -|- e ") . 

Ans. Subn. =2(6"— e *); norm. = ^• 
4 a 

subt. = ^y ; tan.« ^ - » 



6. Find the subtangent of the curve x^ = 
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a — x 

Ana. M^Ll^. 
3a — 2a; 



7. Examine ^(a; — 2 a) = aj^ — a^ for asymptotes. 

Ans. aj = 2a; y = ±(x + a), 

8. Examine y(a^ — a^) = 6^(2a; -|- e) for asymptotes. 

Ans. 2/ = 0; aj + a = 0; x==a. 

9. Examine for asymptotes the folium of Descartes, 

aj^-h^ — 3aa?y = 0. 

Ans. y = — x — a. 

10. Examine (2^ — l)y = (aj^ — 4)a; for asymptotes. 

Ans. y = x, 

11 . Examine y" = ^'^^"",^^1^""^^^ for asymptotes. 

^?i5. aj=2a; aj = 0; y = ±a. 

12. Examine the hyperbola p = ^^^ "" ^ for asymptotes. 

13. Find the length of the perpendicular from the pole upon 
the tangent to the lituus p-VO = a. ^^^ _ 2a^p 

14. In the hypocycloid a^ + yt =3 ai, prove that the portion 
of the tangent intercepted between the axes equals a. 

15. Give the different methods of drawing a tangent to any 
plane curve at a given point. 




o 



CHAPTER XI. 

DIRECTION OF CUEVATUBE, SINGUL4B FOIlTrSy ANB CURVE 

TRACING. 

141. Direction of Cnrvatiire. A curve is concave upward or 
downward at any point, according as in the immediate vicinity 
of that point it lies above or below the tangent 
at that point. 

When a curve, as a6, is concave upward, it 

is evident that -^, the slope of the curve, in- 
dx — 

creases as x increases ; hence, — ^, the deriva- 

Fig. 38. tive of -^, is positive (§ 72). When a curve, 

dy 
as cd, is concave downward, -^ decreases as x increases, and 

-^ IS negative. 
dor 

Hence, the curve y = f (x) is concave upward or downward^ 

at any point (x, y) , according as —2 is positive or negative. 

dx 

. In the polar system, a curve is said to be concave or convex 
toward the pole at any point according as in the immediate 
vicinity of that point it lies on the same 
side of the tangent as the pole, or on the 
opposite side. From the figure, it is 
evident that, when the curve is concave 
toward the pole, p or od increases as p 

increases, and -^ is positive (§ 31). 
dp 

When the curve is convex toward the 

pole, p decreases as p increases, and -^ 

dp 
is negative. 

Hence, a polar curve is concave or convex toward the pole 

according as -P is positive or negative, 
dp 
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When the equation of the curve is given in tenns of p and ^, 
we find p in terms of p by use of (8) of § 136. 



Examples. 

1 . Find the direction of curvature ofy = aj^-|-2aj + 5. 

Here — ^ = 2 ; hence the curve is concave upward. 
dor 

2. Find the direction of curvature of y = a -^ c{x + by . 

Here -^= 6c(a; -f 6) ; hence the curve is concave upward or 
dor 

downward at (x, y) , according as a; > or < — 6. 

3. Find the direction of curvature of y = a^ — Sa^ — 9 x -{- . 
Ans, Concave upward or downward according as a; > or < 1 . 

4. Find the direction of curvature of a? = log^y, and y = siii.r, 

5. Find the direction of curvature of the lituus p^O = a^ 

Here ^= ^= — ^; 

"^'^ dO 2pe 2a'' 

r,p^—=L= = -i£^; §136,(8) 

y^ ^ d(f' 

. dp^ 2a\4.a^---p*) 
"dp (4a*+pO« ' 

Hence this spiral is concave or convex toward the pole at (^, p) 
according as p < or > a V^. 

6. Find the direction of curvature of the logarithmic spiral 

p = a^. 

Here p = — ^ — ; r.-f^ = — — * 

Vl+(loga)^ «P Vl-f(loga)2 

Hence the curve is concave toward the pole. 
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Sinerular Points. 

142. Singular Points of a curve are those which have some 
peculiar property. Such points are : first, Points of Inflexion ; 
second, Multiple Points ; third, Conjugate Points ; fourth, Stop 
Points. 

143. Points of Inflexion. A point of inflexion is a point at 
which a curve changes its direction of curvature. Hence a 
r tangent at a point of inflexion intersects 

the curve. Thus the tangent at p, a point 
of inflexion, cuts the cui*ve at p. 
At a point of inflexion on y =/(«), 

--^ must evidently change its sign, and 

therefore pass through or oo. Hence, 

o X if y be found in terms of x. the roots of 

Fig. 40. dy^ 

— ^ = or 00 are the critical values of a? to be examined. 

If —^ changes its sign as x passes through any one of these 
values, this value is the abscissa of a point of inflexion.* 

Examples. 

1 . Examine aj^ — 3 6aj* + a*y = for points of inflexion. 

The root of ^, = ll^J=£l = is 6 ; and ^iSklzA evidentlv 
dbir cr or 

, , , A 2fe8\ . 

IS a 

point ( 




changes its sign as x passes through h\ hence ^6,——] is 
point of inflexion. ^ ^ 



2. Prove that the points in which y = c sin- cuts the axis of 
X are all points of inflexion. 

* On one side of a point of inflexion, the slope of a curve is increasing ; 
and, on the other, it is decreasing : hence a point of inflexion is a point of 
maximum or minimum slope, and the method of finding such a point is 

seen to be that of finding a maximum or minimum of ^* 

dx 
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The roots of —^. = sin- =^ are 0, gtt, 2 a^r, 3 a^r, etc. As 

dor or a 

X passes through each of these values, — | changes its sign; hence 

dor 

0, air, 2 air, 3 air, etc., are abscissas of points of inflexion. 

c2i/ = 4a2(2a-y) 
Arts. (±|-aV3^ f^O- 



3. Examine the witch of Agnesi, a^i/ = 4a^(2a — y), f r 
points of inflexion. 



4. Examine y = -^ — -^ for points of inflexion, 
a "T~ 3/ 

^715. (0, 0), (a\/3, faV3), and (-aV3, -faVS). 

144. To test curves given by their polar equations for points 

of inflexion, we find the roots of -^ = or oo. If -^ changes 

dp dp 

its sign as p passes through any one of these critical values, 

this value is the radius vector of a point of inflexion.* Thus, 

in the lituus, (28° 38', aV2) is a point of inflexion; for ^ 

dp 
- dp 

changes its sign as p passes through a V2, the root of y = 0. 

(See § 141, Ex. 5.) ^ 

Multiple Points. 

146. A Multiple Point is one through which two or more 
branches of a curve 
pass, or at which 
they meet. A mul- 
tiple point is double 
when there are only 

two branches, triple ^-y^ ^^^^^ ^^^ — '^ 
when only three, and «• c. 

Fig. 41. 

so on. 

A multiple point at which the branches intersect (Fig. a) is 
called a Multiple Point of Intersection. 

* A point of inflexion on a polar curve evidently corresponds to a 
maximum or minimum of p. 




^ 
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A multiple point through which two branches pass, and at 
which they are tangent (Figs. 6, c) is an Osculating Point 

A multiple point at which two branches terminate, and are 
tangent (Figs, d, e) is a Cusp. A cusp or osculating point is 
said to be of the first or the second species, according as the 
two branches are on opposite sides (Figs. 6, d) or the same side 
(Figs, c, e) of their common tangent. 

A Conjugate Point is one that is entirely isolated from the 
rest of the real locus. Hence, in an algebraic curve, a conju- 
gate i)oint is a multiple point formed by the intersection or 
meeting, in the plane of the axes, of imaginary branches ; that 
is, of branches lying outside of the plane of the axes. Since 
an odd number of roots of an algebraic equation cannot be 
imaginary, an even number of imaginary branches must inter- 
sect or touch in a conjugate point of an algebraic curve. 

146. From the definitions given above, it follows that, at a 

multiple point of intersection, -^ must have two or more un- 
do; 

equal real values ; that, at a point of osculation or a cusp it 
must have two equal real values ; that, at a conjugate point on 
an algebraic curve, it must have two or more values which are 
imaginary, unless the tangents to the imaginary branches at the 
conjugate point lie in the plane of the axes. 

Hence at any midtiple point -^ has two or more values. 

dx 

147. i/* f (x, y) = u = be the algebraic equation of a curve 
freed from radicals and fractions^ at any multiple point upon the 
curve. 





du 










dy 


dx 





^« c?^ 


du 


= 0, 








or — = 




dx" 


du 
dy 


"o' 


dx 


dy 





For, at anv multiple point, — , or the ratio of — to — , must 

dx dx dy 

have two or more values (§ 146). But, from the form of tbe 
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equation of the curve, neither -— nor — - can contain radicals or 

dx dy 

fractions ; hence their ratio can have two or more values for the 
same values of x and y, only when it assumes the indeterminate 

form — 


148. Examination of a Cnrve for Multiple Points. To examine 
a curve for multiple points, put its equation in the required form 
/(a?, y) = w = 0, and find the sets of values of x and y that will 

satisfy the equations — = and -^=0. Of these sets, those 
dx dy 

which satisfy the equation of the curve give the points to be 
examined. 

Let (a;', i/') be one of these points ; then 
dn 
dy[^_d^^O 
dx' du^ O' 
dy' 
which is evaluated according to the method of § 83. 

I. If -^, has two or more unequal real values, (»', y') is in 

dx' 

general a multiple point of intersection, 

dv' 

II. If — has two equal real values, (a', y') is in general 

dx 

either an osculating point or a cusp, 

dy' 

III. If all the values of --^ are imaginary, (»', y') is a con- 

dx 

jugate point. 

The following considerations enable us to discover more 
exactly the nature of these points : 

In Case I., if the values of y or -^ are real for x = x'—h 

dx 

and aj = aj'-f-7i, h being very small, (x\ y') is a multiple point of 
intersection ; if real for neither, («', y') is a conjugate point at 
which the imaginary branches are parallel to the plane of the 
axes. 
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In Case II., if the values of y or -^ are real for a; = aj'— A 

dx 

and a? = a'+Zi, (a;', y') is a point of osculation ; if real for only 
one of these values of a, (a?', y') is a cusp ; if real for neither, 
{x\ y') is a conjugate point. 

dv' 
In some curves, and especially when -^,= 00, it is better to 

dx ^^ 

inspect the values of a? or — for y = y' — h and y = y'-\- Ji. 

dy 

To determine the species of a cusp or point of osculation, 

find --^, and {x\y') will be of the first or the second species, 

aX' t2 I 

according as the two values of — ^ have opposite signs or the 

dx 

same sign. Or we may compare the ordinates or abscissas of 
adjacent corresponding points on the branches and on their 
common tangent.* 

* The following is a brief yiew of another method of examining a curye 
for multiple points. For a fuller treatment, see Williamson's Differential 
Calculus or Salmon's Higher Plane Curves. 

Let the equation of a curye of the nth degree be 

/{^.!l) = 0; (1) 

that of a right line through the origin, 

i/ = fix; (2) 

that obtained by substituting fix for y in (1), 

<p{x)=0, (3) 

If (1) contains no constant term, its locus evidently passes through the 
origin. If (1) contains no constant term nor any term of the first degree, 
two roots of (3) are 0. Hence two points of intersection of (1) and (2) are 
at the origin; and the origin is a double point. If, in addition, (1) con- 
tains no term of the second degree, three roots of (3) are 0, and the origin 
is a triple point. 

Hence, when the origin is a multiple point, this fact is evident from the 
. equation of the curve. To examine a curve for multiple points not at the 
origin, change the reference of the locus to new parallel axes, using the 
formulas x=m-\- x^, and y = n-\-t/y If m and n can be so determined that 
the resulting equation will contain no constant term nor any term of the 
first degree in x^ or y^, (m, n), or the new origin, is a double point. If m 
and n can be so determined that the new equation will contain no constant 
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Examples. 



(2) 



1 . Examine x* + aa?y — ay^ = for multiple points. 

Here u = x* -^ aa^y — ay^ = ; (1) 

.\ — = 4:ix^-^2axy,SLnd — = ax'-3afi 
dx dy 

. dy _ 4:a^-^2axy 
' dx 3aif — aa^ 

Placing the partial derivatives equal to zero, we have 

x(2a^-^ay)==0, (3) 

and ar^-3/ = 0. (4) 

Solving (3) and (4), we obtain the following three sets of 
values for x and ^, 

a; = 0, ^aV3, and — |-aV3, 

2/ = 0, -|a, and -|a. 

Only the first set of values will satisfy (1) ; and (0, 0) is the 
only point to be examined. From (2) we have 

aa;Jo,o 3 ajr — «ar Jo, o 

Hence the origin is a triple point at which the inclinations of 
the branches are respectively 0, ^J^tt, and f tt. 

From (1 ) , ' 

x= ±^^iay±iy^/IayT^' (5) 

From (5) , we see that four values of x are real when 2/ = — h, 
and two when y= + /i ; hence each of the three branches passes 

term nor any of the first or second degree in x^ or y^, (m, n) is a triple 
point. 

From this method, it is evident that a curye of the third degree can 
have only one multiple point ; one of the fourth degree, only two double 
points or one triple point ; one of the fifth degree, only two double points 
or one triple and one double point. 




162 SINGULAR POINTS. 

through the origin, which is therefore a triple point of inter- 
section. The general form of the curve at the origin is shown 
in Fig. a on page 157. 

2. Examine i^==7? (a^—a?) for mul- 
tiple points. 

Ans. (0, 0), Fig. 42, is a double 

point of intersection ; — = ± a. 

8. Examine a^ — 3 axy + t/^ = for multiple points. 

Ans, (0, 0) is a double point of intersection ; -^ = andoo. 

4. Examine y* (a^ — a^) = i»* for multiple points. 

¥\ =±^' 

and from its equation we see that the curve extends through the 
origin, and is symmetrical with respect to the axis of x\ hence 
the origin is a point of osculation of the first species. 

5. Examine y^ = aV for multiple points. 



^1 = 



±0, 



and from its equation we see that the curve consists of two 
branches symmetrical with respect to the axis of a;, and extend- 
ing from the origin to the right; hence the origin is a cusp 
of the first species, the common tangent being the axis of x 
(Fig. 48). 

6. Examine j^ = aa? — ;x^ for multiple points. 

Here (0, 0) is the only critical point. -^ = ± oo, and 

y = {aa? ^a^)^ shows that there is a branch on each side of the 
axis of y, neither of which extends below the origin, which is 
therefore a cusp of the first species. 

7. Examine y^ = x(x + ay for multiple points. 

Here (— a, 0) is the critical point, and -^ = ±V— a; 
hence (—a, 0) is a conjugate point. '~"'° 
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8. Examine aV — 2 db7?y — a^ = for singular points. 

Here (0, 0) is the critical point, and -^ = ± 0. 

cZa?Jo,o 
When a; = + 7i, 






in which both the values of y are real, one greater and the other 
less than 0. 

When aj = — A, 






in which both the values of y are real and greater than when 
7i is small. 

Hence the origin is a point of osculation, and a point of in- 
flexion on one branch. 

149. A multiple point at which two or more branches termi- 
nate, and have different tangents, is a Shooting Point. A Stop 
Point is a point at which a single branch of a curve terminates. 

From the law of imaginary roots of algebraic equations, 
neither a shooting point nor a stop point can occur on an alge- 
braic curve. 

160. Curve Tracing. The most rudimentary method of trac- 
ing a curve is to find from its equation such a number of its 
points that, when located, these points will clearly indicate the 
form of the curve. 

This method is laborious ; and our present object is to utilize 
the principles heretofore developed to determine directh' from 
its equation the general form of a curve, especially at such points 
as present any peculiarity, so that the curve may be traced with- 
out the labor of the first method. 

To trace a curve from its rectilinear equation^ the following 
general directions will be found useful. 

Solve its equation for y or a?, and determine any lines or points 
with respect to which the curve is symmetrical. 
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Find the points at which the curve cuts the axes, and deter- 
mine its limits and infinite branches. 

Determine the positions of its asymptotes, and on which side 
of each the infinite branches lie. 

Find its maxima and minima ordinates, and the angles at 
which it cuts the axes. 

Determine its direction of curvature, points of inflexion, and 
multiple points. 

Examples. 

1. Trace the curve whose equation is y^ = aV. 
Here y=± ax^, and the curve is symmetrical with respect to 
the axis of x. 

When a; = 0, ^ = 0, and the curve meets the axes at (0, 0) . 
When a; < 0, y is imaginarj' ; but when x > 0, 2/ is real. Hence 
there is one infinite branch in the first angle, 
and another in the fourth. 

-^ = — - — = ± = 00 when x = <x> : 

dx 2y 2 

X 

hence the curve has no asymptote. 
^^-^^'^ = 5 at (0,0); 




dx 2y 

but^l =±^ =±0 
dx_}o,o 2 Jo,o 



Hence the two symmetrical branches terminating at the origin 

are tangent to the axis of x at that point, and the origin is a 

cusp of the first species. 

d^u 3 d 

Since —^ = ± , the upper branch is concave upward, and 

doer 4:-\/x 

the lower one concave downward. The form of the curve is 

shown in Fig. 43. 

2. Trace the curve ^ = 2 ao^ — aj^. 
Here 2/= (2 ao'- a')*. 

For 2/ = 0, a; = and 2a ; hence the curve cuts the axis of x 
at the origin, and 2 a at the right of it. 
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For each real value of aj, y has one, and only one, real value, 
which is -+- or — according as a; < or > 2 a. Hence there is 
one infinite branch in the second angle and another in the 
fourth. 

To find the equation of the asymptote, we have 

y = (2aa;2_^)j^_^A 2ay 

V Sx 9aj2 / ^ ^ 

when X is numerically greater than 2 a. 

Hence the equation of the asymptote to each infinite branch is 

y = -x + la. (2) 

From (1) and (2), it is evident that the infinite branches lie 
between the asymptote and the axis of x, 

g^ = ^^-^^ = Owhenx=|a; 
dx Sy^ ^ 

/. (2aiK2-a^)i]|„, or|a^/i, 

is a maximum ordinate. 

hence the curve is perpendicular to the axis of x at (2 a, 0). 

dx Sy' 

By evaluating we find that 

dxJQ^o 

hence, as the curve does not extend below the axis of x to the 
left of a? = 2 a, and y has one, and but one, real value for each 
value of x, the origin is a cusp of the first species, the two 
branches being tangent to the axis of y. 
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^: 



-Sa^ 



dx" 



a?) 5' 




Fig. 44. 



9a?i(2a- 

which is + or —, according as a? > or < 2a; hence (2a, 0) is 

a point of inflexion, to the right 
of which the curve is concave 
upward, and to the left down- 
ward. The form of the curve 
is given in Fig. 44. 

3. Trace the curve 

Since its equation involves 
only even powers of x and i/, 
the curve is symmetrical with 
respect to each axis. Hence, if 
we determine the part of the locus that is in the first angle, 
the symmetry' of the curve will give us the other three parts. 

Solving for y, we have 

^ (r^-a^)* 

When a? = 0, 2/ = ; but, for other values of x between —a 
and + «9 2/ is imaginary ; hence (0, 0) is a conjugate point, and 
the locus in the first angle lies to the right of »= a. 

As aj = a from a value greater than a, y = (x>; hence there is 
one infinite branch in the first angle to which a? = a is the asymp- 
tote. When a; = 00, y = 00 ; and there is a second infinite branch 
in the first angle. 

To find the equation of the other asymptote, we have 

y = ±- 






•> 



when X is numerically greater than a ; hence ^ = a; is the equa- 
tion of the other asymptote. 
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Evidentl}' the curve lies above this a83'mptote. Hence the 
branch in the first angle lies above y = a?, and to the right of 

dy ^ 2a? -xf ^^^ 
dx y{ix? — d?) 

when if = 2a^, or a; = ± aV2 ; 
hence 2 a is a minimum ordi- 
nate. 

In the first angle, 

dx^ {x'-a^)^ ' 



As this is -f- when x>a, this ^»- *^- 

branch in the first angle is concave upward. The form of the 
curve is given in Fig. 45. 

4. Trace the curve— r + -^ = 1. 

The curve cuts the axis of x at (a, 0) and the axis of y at 
(0,6). There is one infinite branch in the second angle and 

another in the fourth, y = a? is the equation of the asj^mp- 

a 

tote, which lies below the infinite branches. The curve is con- 
cave upward, except between a? = and 
X = a^ where it is concave downward. 
(0, b) and (a, 0) are points of inflexion. 

5. Trace the curve y = -• 

1 -}-ar 

The curve has one infinite branch in the 
first angle and another in the third, to each 
of which the axis of x is an asymptote. 
^ is a maximum, and — ^ a minimum, 
ordinate. (0, 0), (- VS, — i V3), and 
(V3, iV3) are points of inflexion. The 
inclination of the curve at the origin is Jtt. 




Fig. 46. 



6. Trace the curve y^ = aj^^Lilf . 



see Fig. 46. 



a — x 



For the form of the curve, 
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161. Tracing Polar Cnrves. When possible, write the equa- 
tion in the form p =f(0) . Solve f($) = to find the angles at 
which the curve cuts the polar axis at the pole. Assign to 
such positive and negative values as make p easily found. 

Solve -^ = to find the values of $ for which p is a maximum 

dO 
or minimum, and for which the curve is perpendicular to the 
radius vector. Examine the curve for asymptotes, direction of 
curvature, and points of infiexion. The facts thus obtained will 
indicate the form of the curve. 



Examples. 

1 . Trace the curve p = a sin 3 ^. 

Since p = asin3^, p reaches its maximum value a when 
sin3^= 1 ; that is, when ^ = ^7r, ^w, iir, etc. ; and p reaches 
its minimum — a when sin 3^ = — 1 ; that is, when $ = ^tt, ^w, 
^ir^ etc. 

Since -^= 3a cos 3^, p increases from to a, while in- 
creases from to ^TT ; p decreases from a to 
— a, while $ increases from ^ir to ^tt; p 
increases from — a to + a, while $ increases 
from ^TT to fir ; and p decreases from a to 
0, while 6 increases from |ir to ir. Further 
revolution of the radius vector in either 
^g. 47. direction would evidently retrace the three 

loops already found. The curve is that represented in Fig. 47. 

2. Trace the curve p = a sin 2^. 

The cui-ve consists of four loops. From this and the previous 
example, we infer that the locus of p = asin?i^ consists of n 
loops when n is odd, and 2n loops when n is even. 
/\ 

3. Trace p = a sin-- 4. Trace the lituus p = — . 

5. Trace p = acos^ + 6, in which a>6. 
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Miscellaneous Examples. 

1 . Examine a?* — axy^ ^ay^ = for multiple points. 

The origin, a triple point, is a cusp of the first species, through 
which a branch of the curve passes. 

2. Examine aa^ + 6^ — c = for points of inflexion. 

3. Prove that (0, 0) is a multiple point of intersection on the 
curve aj* — a^xy + Ih^ = 0. 

4. Examine »* — aV + a^2/ = ^ ^^^ points of inflexion. 

W6 36/ V V6 36/ 

5. Examine ay* — a^ — ba^^O for multiple points. 

6. Examine ay* — a® -h 6a^ = f or multiple points. 

Atis, (0, 0) is a conjugate point. 



7. Trace the curve t^ = 



x'^-aJ' 



x-^h 

8. Trace the folium of Descai*tes y^ — 3 axy + a;^ s= 0. 

9. Trace (y-a^y = a^. 

10. Trace2/*(a? — a) = aj^. 

1 1 . Trace p cosfl = a cos 2 $. 



CHAPTER XII. 

CUEVATURE, EVOLUTES, ENTELOPES, AND ORDER OF 
CONTACT. 

162. If <f> represent the inclination of any curve ab referred 
to rectangular axes, then <^ will measure the direction of the 
curve with respect to the axis of x. At the 
point P, <^ = angle xor ; and at p', <f> = xmp' ; 
hence angle prm = A<^, if arc pp'= As, a repre- 
senting the length of the curve. 




163. The Curvature of a curve at any point 
^o 'm"^ is the rate of change of its direct^'on relative 

Fig. 48. to that of its length. 

Hence, if k represent the curvature of any curve^ 

,^^ r^mtr^l. §31. 

ds ^«=^LAsJ 

164. Curvature of a Circle. If ab (Fig. 48) be the arc of a 
circle whose radius is r, the angle prm equals the angle sub- 
tended by the arc pp' at its centre ; and from § 40 we have 

, arc pp' A<^ 1 

angle prm = , or =^ = - ; 

r As r 

...^, oric, =i. §17, Cor. 2. 

ds r 

Hence, the curvature of any cirde is equal to the reciprocal of 
its radius; and the curvatures of any two circles are inversely 
proportional to their radii, 

CoR. 7jrr=l, ic= 1 ; that is, the unit of curvature is the cur- 
vature of a circle whose radius is unity. 
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166. To find k in terms of the differentials ofx and y. 

tan <^ = -^ ; 
dx 

dx 
/. d<f} = 7;pr^ , since sec^*^ ^ 1 + f — ) • 



1 + 



\dxj 



'■"L"-J°['^(|)7 



We take the positive value of the radical so that the curva- 

d^y 
ture of a curve will be positive or negative according as --^ is 

positive or negative ; that is, according as the curve is concave 
upward or downward. The sign of curvature, however, is often 
neglected. 

166. Badins of Cnrvatnre. As the radius of a circle varies 
from to 00, its curvature varies from oo to ; hence there is 
alwa3's a circle whose curvature is equal to that of any curve at 
any point. A circle tangent to a curve, and having the same 
curvature as the curve at the point of contact, is called the 
Circle of Curvature of the curve at that point. Its radius and 
centre are the radius of curvature and the centre of curvature of 
the curve at that point. Hence, if R represent the radius of 
curvature of a curve, from §§ 154 and 155, we have 



. . h(g)T 



K dj£ 

R will be positive or negative, according as the curve is con- 
cave upward or downward ; but its sign is often neglected. 
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157. The radius of curvature in terms of polar coordinates' 
can be found by transforming the value of 22 in § lS6 to polar 
coordinates. We thus obtain 



V ' dff'J ^ 






2. 2^-p^ 2^2^-p^ 



in which JV is the normal. See § 131, Ex. 3, and § 136, (7). 

158. TJie circle of curvcUure^ in general^ ciUs the curve at the 
point ofconta>ct. 

For, on one side of the point of contact, the cur\'^e change* 
its direction more rapidly than the circle of curvature, and hence 
lies within the circle ; while on the other side it changes its 
direction more slowly than the circle, and hence lies without the 
circle. 

159. At a point of maximum or minimum curvature^* the cir^ 
cle of curvature does not cut the curve; and conversely. 

For, on either side of a point of maximum curvature, the curve 
changes its direction more slowly than at this point ; hence, on 
each side of this point, the curve lies without the circle of curva- 
ture at this point. On either side of a point of minimum 
curvature, the curve changes its direction more rapidly than at 
this point; hence, on each side of this point, the curve lies 
within the circle of curvature. 

Since the conic sections are symmetrical with respect to nor- 
mals at their vertices, it follows that their vertices must be pointa 
of maximum or minimum curvature. 

Examples. 

1. Find the curvature of the parabola 'f = 2px, 

Here $^=£, and § = - ^; 
ax y dar y^ 

* By a maximum or minimum currature, we mean a numerical maxi- 
mum or minimum, the sign of curvature not being considered. 



EXAMPLES. 173 



_ da? _ _ P^ f f \^ _ 



[-@)7 



fKf-hp'J if+p")^ 



The upper or lower sign is to be taken according as — ^ is 
positive or negative. ^ 

At the vertex (0,0), k = - , which is evidently the maximum 
curvature jof the parabola. ^ 

2. Neglecting its sign, find the curvature of the ellipse 

Here ^ = -.^, and § = - 4I ; 
ax a^y dor a^ 

. _ ^Y aV Y ^ a^h' 

' ' " aY\ay + 6Vy (ay + 6V)«* 

At the vertex (a, 0) , k = -~ ; at the vertex (0, — 6) , fc = —• ; 

hence, the maximum curvature of the ellipse is — , and the 

. . 6 ^ 

mmimum— -• 

a^ 

3. Find the radius of curvature of the cycloid 

x=ir vers"^^ — '\/2ry — ^. 



Here ^^^/MEI, and g 4; 

dx y djxr xf 

which equals numerically twice the normal. 

1 

'f = 7=5 

— 2V2ry 

and — -— , the curvature at the highest point, is evidently the 

minimum curvatuije of the cycloid. 
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4. Find the curvature of 2^ = 0?*— 4a^— 18a^ at the origin. 
Find the abscissas of the points at which the curvature is 0. 

Ans. ic = — 36 ; a? = 3 and — 1. 

5. Find the curvature of the logarithmic curve y = a*. 

Ans. K= ^ J^y . 

6. Find the numerical value of the radius of curvature of the 
cubical parabola ^ = a^aj. (Qv*-^ *M 

6a'y 

7. Find the radius of curvature of the spiral of Archimedes 

Here ^ = a, and 5^ = 0; 



AA±( 






8. Find the radius of curvature of the logarithmic spiral 
^"^^^^ Ans. E = pVl+(\ogay. 

Bvolutes. 

160. The Evolnte of a given curve is the locus of the centre 
of curvature of the curve. The given curve is called the 
Liyolnte of its e volute. 

161. To find the equation of the evolute of any given curve. 
Let c, (a, p) , be the centre of curvature of the curve ab at any 

point p, (a?, 2^) . Then, 

since bp = PC sin bcp = R sin kph = E^, 

ds 

and BC = -B cos bcp = ^ — ; 

ds 

* 

a=0E-BP = a?--B^, (1) 
ds 

and /3 = EP + BC==2/4--B— • (2) 

ds 
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Substituting in (1) and (2) the values of B and ds, we have 



1+ 



a sssx — 



da?) dx 



and 



^ = y + 



d7? 
da? 
da? 



(3) 



(4) 



By differentiating the equation of any given curve, and sub- 
stituting the results in (3) and (4) , a and ^ may be expressed 
in terms of x and y. If, between the equations thus obtained 
and that of cne given curve, x and y be eliminated, the resulting 
equation between a and /3 will be the equation of the e volute. 



Examples. 
1. Find the equation of the evolute of the parabola. 
Here ^=-P, and ^ < 



cix y aaf ^ 

Substituting these values in (3) and (4) of § 161, and reducing, 
we have 



and 



as=da;+p, or xi 
P 1, or 2/ = - 



3 



Substituting these values of x and y 
in the equation of the parabola, we ^ 
have 



or 



' = 4 (-!»•. 




which is the equation of the evolute of 
BAG (Fig. 50) is the evolute of the parabola mon. 
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2. Find the equation of the e volute of the ellipse. 

Here f? = -^, and g = -^.; 
dx cry dor ary^ 

Substituting these values of x and y in a^ + 6W = aV, we 
obtain as the equation of the evolute of the ellipse, 

(aa)l-|-(6)8)l = (a'-6«)i. 



3. Find the equation of the evolute of the cycloid 



x=ir vers ^ V2 ry — y^. 

r 



(1) 



Here ^ = XlIiE?, and g = - ^ ; 
dx y da^ j^ 



:.y--p, anda? = a-2V-2?-)8-)8^. 

Substituting these values of x and y in (1), we obtain as the 
equation of the evolute of the cycloid, 

(2) 



a s= r vers 



^(-^+y/^2rfi^^. 



The locus of (2) is another cycloid equal to the given cycloid, 

the highest point being 
at the origin. For, if 
^^ the cycloid oOiM be 
referred to the axes 
OiXi and OiYi, and p bo 
any point, 

2^ = -BP, 

and X = OiB 

= KE + DP. (3) 
s 
Fig. 61. EM = arc EP ; 



A B 

^ --^ K £ ^^ M 
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, KE = arc AP = r vers~^ — = r vers 
r 



i=^} <« 



dp = VaD'De = V — y(2r4-2/J = V— 2?-^ — 2^. (5) 
From (3), (4), and (5), we obtain 

x = 7* ver8"^( m^ J 4- V— 2ry — y^. (G) 

Comparing (2) with (6), we see that os, the evolute of ooj, 
must be equal to OiM ; that is, the evolute of a cycloid is an equal 
cycloid. 

Properties of the Evolute. 

162. Any normal to the involute is a tangent to tlie evolute. 
The equation of the normal to y =f{x) at (x', y') is 

Let (a, )8) be the centre of curvature of y = f{x) at («', y') ; 
then (1) passes through (a, /?), and we have 

.:x'-a+^,{y'-^) = 0. (3) 

If (a;', 2^') move along the involute, (a, /?) will move along 
the evolute, and a, )S, and y' will be functions of x'. Differen- 
tiating (3) on this hypothesis, we have 

Dividing by dx\ and rearranging terms, we have 
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But, as (a, )S) is on the evolute, we have by § 161, (4), 

From (4) and (5) , we obtain 



da 



^2^ = 0, or _^' = ^. 



dx' dx'^ ' dy^ da 

Hence (1) is tangent to the evolute at (a, /8). 

163. Any continuous arc of the evolute is equal to the differ 
ence between the radii of curvature of the involute that are tangent 
to this arc at its extremities. 

If (x — a)^ + (y — Py = i? be the circle of curvature of an}' 
curve at («', y') , we have 

(x'-ay+(y'-py=ii?. (1) 

Suppose (a?', y') to move along the curve ; then y , a, /8, and 
E will be functions of x\ 

Differentiating (1) on this hypothesis, we obtain 

^{y^^P)dp^BdB. (2) 

From equation (2) of § 162 we have 

y'-^=-^('«''-«); (3) 

.•.y'-i8 = £(a!'-a). (4) 

Prom (8), 

(a;'- a)dx'+ (y'- p)dy<= 0. (6) 

From (2) and (5), 

(x'-a)da + (y'-fi)d^ = -BdR. (6) 
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From (1) and (4), 



doc 



From (4) and (6), 



{x^-ay. 



da 



BdB. 



(7) 
(8) 



Squaring (8) and dividing by (7) , we obtain 

da^-hd^=::dIP. 
But, 8 being the length of the evolute, we have 
da.^ + d^==ds^; 
,\ ds = ± dR ; 
that is, B increases or decreases as fast as s increases. 

Hence, if the length of the evolute of the parabola (Fig. 52) 
be estimated from the point a, we have 

arc AP = KP — OA. 

Again, if the length of the evolute of the cjxloid (Fig. 51) 
be estimated from o, 

arc os = sOi = 4r; 

hence the length of one branch of the 
cycloid is 8 r. 

164. These two properties of the 
evolute enable us to regard any invo- 
lute as traced by a point in a string 
unwound from its evolute. Thus, if 
on a pattern of cpao one end of a 
string be fastened at o, and the string 
be then stretched along the right of 
CPA, the point of the string which 
reaches o, when carried around to the right, will trace the arc 
OKm as the string unwinds from the evolute. 




Fig. 62. 




180 EKVELOPBS. 

Since any point of the string beyond a will trace an involute 
of CA, it follows that, while a curve has but one evolute, it can 
have an infinite number of involutes. 



Envelopes. 

165. If, in the equation /(a?, y, a) = 0, a series of different 
values be assigned to a, the equation will represent a series of 

curves differing in form, or in 
position, or in both these re- 
spects, but all belonging to 
the same class or family of 
curves. 

For example, if different 
values be assigned to a in 
^^' ^' (aj - a)2 + 2^ = 25, its loci will 

be a series of equal circles with their centres on the axis of x 
(Fig. 53). 

The quantity a, which is constant for any one curve, but 
changes in passing from one curve to another, is called a Vari- 
able Parameter. Any two curves of a series that correspond 
to nearly equal values of the parameter usually intersect, and 
are called consecutive curves. 

166. An Envelope is the locus of the limiting positions of the 
points of intersection of the consecutive curves of a series, as 
these curves approach indefinitely near each other. 

167. To find the equation of the envelope of a series of curves. 
Let f(x,y,a) = u^O (1) 

and /(aj,y,a + Aa) = (2) 

be the equations of any two consecutive curves of a series ; then, 
at the points of intersection of (1) and (2), we evidently have 



f(x, y, a -f Aa) -f(x, y, g) ^ ^^ 



Aa -- ^3) 
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Passing to the limit as Aa = 0, we have, at the limiting posi- 
tions of these intersections, 

-f/(aJ,2/,a) = 0, or ff = 0. (4) 

da eta 

Since the coordinates of the points on the envelope satisfy 
both (4) and (1), its equation is found by eliminating a between 
thes(> equations. 

168. The envelope 18 tangent to each curve of the series. 
Let <j>{x^y) represent the value of a obtained from (4) of 
§ 167 ; then, if a = <^ (a;, y) , 

/(a;,y, a) = w==0 (1) 

is the equation of the envelope. 

Differentiating (1), a being variable, we obtain 

dx dy da 
But, at any point on the envelope, 

1^ = 0; • §167, (4) 

aa 

.•.|*.+g*,-o. w 

which gives the slope of the envelope at any point. 

Differentiating /(a;, 2^, a) =i w = 0, considering a constant, we 
have , , 

|^ + |., = 0, (3) 

Tfhich gives the slope of any individual curve at any point. 
From (2) and (3) we see that the envelope and any curve of 
the series have the same slope at their common point. 

Examples. 

1. Find the envelope of (« — a)* + y*s=r*, in which a is a 
variable parameter. 
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Here /{a;, 3/, «)[=«] = («-«)« + y»-r' = 0; (1) 

.-.^ i(x-a) = 0. (2) 

era 

From (1) and (2) , y =^±r\ that is, the envelope is two lines 
parallel to the axis of a;, as would be inferred from Fig. 53. 

2. Find the envelope of ysBoaj-f— , a being the variable 
parameter. 

Here f{x,y,a)l^u\^y — ax =0; (1) 

a 

, du , m 



da 



= -ir + ^ = 0. (2) 



a 



Eliminating a between (1) and (2) , we obtain 2^ = 4 ma? ; that 
is, the envelope is a parabola whose latus rectum is 4w. 

3. Find the envelope of the hypotenuse of a right-angled 
triangle of constant area. 

Let a and P be the sides of the right triangle, and assume 
them as coordinate axes ; then 

2 + ^ = 1 

is the equation of the hj-potenuse. 
Let c = the constant afSa ; then 

a^=2c, or)8 = — . 
Hence /(a?, y, a) = 2 + 22/_i«o, (1) 

and §!^ = -4 + J. = o. (2) 

da a? 2c ^ ^ 

Eliminating a between (1) and (2), we obtain xy^^c\ that 
is, the envelope is an hyperbola to which the sides of the tri- 
angle are asymptotes. 
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4. Find the envelope of a system of concentric ellipses, the 
area and the directions of the axes being constant. 

Let the equation of the ellipses be 

ay-h^^--a'fi^ (1) 

and c represent the constant area ; 

then c = 7ra^. (2) 

Eliminating ^ between (1) and (2), we have 

/(«, j,,a)=.y + ^-^ = 0; (3) 

...|_..^-^.0. (4, 

From (3) and (4) , we obtain 

which are the equations of conjugate equilateral hyperbolas 
referred to their as3'mptotes. 

169. Contact of Different Orders. Let y =/(«) and y = ct>(x) 
be any two curves referred to the same axes. If/(a) = </>(a), 
the curves have the point [^a^f{a)'] in common. If /(a) = </>(a) 
and f'(a) = <^'(a), the curves are tangent at [a, /(a)], and are 
said to have a contact of the first ordean. 1^ /(<^0 = <^(<^) j /'(^) 
= <^'(a), and /"(a) = <^"(a), the two curves have the same 
curvature at their common point, and their contact is of the sec- 
ond order. If in addition, /'"(a)= </>'"(a), their contact is of 
the third order; and so on. Thus^ contact of the nth order im- 
poses n H- 1 conditions. 

170. Two curves intersect or do not intersect at their point of 
contact^ according as their order of contact is even or odd. 

Let y =f(x) and y= ct>(x) be any two curves having the point 
[^a^f(a)'] in common. Let h be a very small increment of x 
3y Taylor's formula, we have 
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/(o + h) =/(a) +f(a)h +/"(a) -J +/"'(a) ^ + ... (1) 

^(a + ;i) = ^(a) + ^'(a)A + ^"(a)^ + ^'"(a);^ + -(2) 

LL l£. 

Subtracting (2) from (1), we obtain 
/(a+/0-«(a+A)=A[/'(a)-^'(«)]+if[/"(«)-r(a)] 

+ jf[/"'(«)-«^"'(«)] + j£C/"(«)-<^"(«)]+-, (3) 

which gives the difference between the corresponding ordinates 
of the curves on each side of their common ordinate. If the 
contact is of an odd order, the first term of the second member 
of (3) which does not vanish contains an even power of h ; 
hence the sign of the second member is the same whether h be 
positive or negative. Therefore, y =f{x) lies either above or 
below y=^<l>(x) on both sides of their conmion point; and the 
curves do not intersect. But, if their contact is of an even 
order, the first term of the second member of (3) that does not 
vanish contains an odd power of h. Hence, in this case, the 
second member changes sign with h ; and y =/(») lies above 
y=z(f)(x) on one side of their common point, and below it on the 
other ; and the curves intersect. 

CoR. At a point of maximum or minimum curvature, the 
circle of curvature has contact of the third order with the curve ; 
for it does not cut the curve at such a point. 

The following are obvious conclusions from equation (3) : 

(a) Two curves on each side of their common point are 
nearer, the higher their order of contact. 

(b) If two curves have a contact of the nth order, no curve 
having with either of them a contact of a lower order can lie 
between them near their common i>oint. 

171. Osculating Curves. The curve of a given species, that has 
the highest order of contact possible with a given curve at any 
point, is called the osculating curve of that species. 
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Let y =^f(x) be the most general form of the equation of a 
curve of a given species, and suppose that it contains n+l 
arbitrary constants. Upon the n +1 constants, w +1? and only 
7i+l, independent conditions can be imposed. But, in order 
that y=f{x) may have contact of the ?ith order with a given 
curve at a given point, n +1 conditions must be fulfilled by its 
constants ; that is, these constants must have such values that 
y =/(») shall pass through the point, and the first n derivatives 
of its ordinate be equal to those of the given curve at this point 
(§ 169). 

Hence, a« y = ax + b has two constants^ the osculating straifjht 
line has contact of the first order ^ and is a tangent. 

As (x — a)^ + (y — b)^ = r^ has three constants^ the osculating 
circle has, in general^ contact of the second order, and is the circle 
of curvature. 

The osculating parabola hus contact of the third order. The 
osculating ellipse or hyperbola has conta>ct of the fourth order. 

Miscellaneous Exa^iples. 

1. Find the curvature of the hyperbola. 

Ans.K^±. «'^' 



2. Find the radius of curvature of the equilateral hyperbola 

^=*«'- Ans. E=±^^±pl. 

a^ 

3. Find the radius of curvature of ^/^ = 6 a^ -f cc'. 

Ans, i^ = I2l±li^t^!)!l^,umerically. 
Sx'y 



4. Find the radius of curvature of the lemniscate of Ber- 

3p 



nouilli,p^=a^cos2^. a -^ a- 

'^ Ans, B=i — 



5. Find the curvature of the cissoid y^ = 



'2a — X 
3(2 
axh(Sa-'^x)i 



Am. ,= ±H^<^—y ■ 
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6. Find the equation of the evolate of the hyperbola. 

A71S. (aa)l -(6/3)1 = (a« + 60*- 

7. Find the length of %e evolnte of the parabola in terms of 
the abscissas of its extremities. 

B = it±^=il^±£}l. §159,Ex.l. 

Arc AP (Fig. 52) = kp - oa= i^^+P)* -« 

8. Find the envelope of ^ = a(a; — a), in which a is a 
variable parameter. 

Ana. y= ± ix. 

9. One angle of a triangle is constant and fixed in position ; 
find the envelope of the opposite side when the area is constant. 

Arts, xy = — - — , c being the constant area and w the con- 
2sm(D 

stant angle. 

10. Find the envelope of the circles whose diameters are the 
double ordinates of the parabola y^ = 2px. 

Ana. 2^=|>(jp-h2a;). 

11. Find the envelope of a line of constant length a, whose 
extremities move along two fixed rectangular axes. 

Arts, id + yJ = at. 

12. Find the envelope of the normals to the parabola y^=s2px. 

Q 

Ans. ^ = — -— (x —pY^ which is the evolute of the parabola^ 
as it clearly should be. 

13. Find the radius of curvature of the catenary y=- f e« -|- 6 « J. 

Ans, i2 = — 
a 
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14. Find the radius of curvature of the cardioid p=a(l —cos^). 

Ans. B = (i^K 
3 

15. Find the envelope of the series of ellipses —A — — s= 1» 

a* {jz—ay 
a being a variable parameter. 

Ans. «l + yi = A'i. 

16. Prove that the whole length of the evolute of the ellipse 



is 4 



ab 



17. Find the radius of curvature of the tracti'ix, having given 

^ = -^ §195,Ex.5. Ans. B=-M^f)h. 

dx ^a?-y^ y 

18. Show that the evolute of a circle is its centre. 

19. Prove that the catenary )3 = ^[€a — c~aj is the evolute 

of the tractrix x = a log y - («^-y^) *• § 201 , Ex. 1 . 

20. Find the equation of the envelope of 2/=aa;4-(aV+&-)i, 
in which a is a variable parameter. 

Here the equation of the tangent is given, and that of the 
cur^'e is required. a ^ 4. l!. = 1 

' a^ b^ 

21. Prove that -^ ^ + ^ = 1 is the envelope of the circles 

described on the double ordinates of the ellipse ah/^+b^Qi?=^a^b^ 
as diameters. 



CHAPTER XIIL 

DTTEORATIOir OF BATIOXAL FBACTIONS. 

172. Decomposition of Bational Fractions. Any rational frac- 
tion whose numerator is not of a lower degree than its denomi- 
nator can be separated by division into two parts, the one 
rational and entire, and the other a rational fraction whose 
numerator is of a lower degree than its denominator. For 
example, 

^' - = .-24- '^-^ 



Hence an}^ rational differential can be considered as com- 
posed of an entire part and a fraction whose numerator is of a 
lower degree than its denominator. The entire part can be 
integrated by previous methods ; and it is our present object to 
show that the fractional part, if not directlj^ integrable, can be 
resolved into partial fractions which are integrable. These par- 
tial fractions differ in form, according as the simple factors of 
the denominator of the given fraction arc : 

I. Real and unequal. 

II. Real and some of them equal. 

III. Imaginaiy and unequal. 

IV. Imaginary and some of them equal. 

To show, in the simplest manner, how the decomposition and 
integration is to be effected, we shall apply the process to par- 
ticular examples in each of the four cases. 

173. Case I. When the simple factors of the denominator ar^ 
real and unequal^ to every factor^ as x — a, there corresponds a 
partial fraction of the form -i 
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Let it be requii-ed to find f-^^i?!^. 



The roots of ic^ + ar^— 2a; = are 0, 1, and —2; hence, the 
factors of ic^ 4- aJ^ — 2 a? are a;, a; — 1 , and a;-f 2. 

Assume ■ = • { 1 ) 

a;(a;-l)(a;-h2) aj^a;-l^a; + 2 ^^ 

Clearing (1) of fractions, we have 

2aj + 3 = A^x-l) (a; + 2) + 5 (a; + 2)aj 

+ C{x^l)x (2) 

= (A-\-B-^C)a^+(A+2B-C)x-2A. (3) 
Equating the coefficients of like powers of x in (3), we have 
^H-J5+C7=0, A-\-2B-C=2, and -2^=3. (4) 
Solving equations (4) , we find 

^ = -f, -B = f, and(7 = -i. (5) 

Substituting these values in (1), we obtain 

2a?4-3 _ _ 3 5 1__ . >gx 

aj8^ar^__2aj 2aj 3(a;-l) 6(aj4-2)' ^^ 

/' (2x + S)dx _ 3 fdx 5 r dx 1 r dx 
a^-^x^ — 2x 2J X sJaj-l GJaj-h2 

= - f log a? + 1 log (a; - 1 ) - -J log (a; + 2 ) -h log c 

^a;3(a; + 2)* 

Equation (6) is true ; for the values of -4, B. and C given in 
(5) satisfy (4), and hence make (3),* and therefore (1), an 
identical equation. 

♦The principle used here is: IfA = A\ B = B', C = C', etc., A+Bx 
+ Cx' 4- — = A'4- B'x + C'x^ + ••• is an identical equation. 

That the fraction has been correctly decomposed is proved by reasoning 
backward through the process. Equation (1) is not assumed as a basis of 
proof, but as a basis of operation. 
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The values of -4, JB, and C may be obtained from (2), as 
follows : 

Making a = 0, we have 3 = — 2-4; /. -4 = — f. 
Making a =1, we have 5 = 35; /. JB = f. 
Making « = — 2, we have — 1 = 6C7; /. C7 = — ^. 

Examples. 
1. Find f^^=P%- Ans. log^^±^^. 

±i^- log[(a!-l)X«+2)»c]. 



2 r(5a5+l). 
' J a!» + a!-2 

^- /^St5^^' log[a^(a,-2)i(a; + 3)»c]. 

174. Case II. TFAcn some of the simple factors of the de- 
nominator are real and equals to every set of eqttal factors^ as 
(x — a)°, there corresponds a series of n partial fractions of the 
A . B . , L 



(x — a)'' (x — a)''-^ X — a 
Let it be required to find ( — ^ 



1) 



Assume = :: + + • ri) 

(aj-l)«(aj + l) («-l)' aJ-1 aJ+l ^ ^ 

Clearing (1) of fractions, we have 

l=4(a; + l) + JB(aj2-l)4-C(«-l)2 
= (5+C7)aJ^ + (^-2C)a; + ^-J5 + C. (2) 

Equating the coefficients of like powers of a, we obtain 

5 + C7=0, ^-2(7=0, and -4-B + C7=l. (3) 

Whence 4 = ^, C=i, and 5 = -J. (4) 
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Substituting these values in (1), and integrating, we have 

/ dx 
{x^iy(x + l) 

/ dx r dx r dx ... 

2(aj-l)2 J 4t{x^iyJ 4{x+l) ^^ 

Equation (5) is true ; for the values of -4, 5, and C given 
in (4) satisfy (3), and hence make (2), and therefore (1), an 
identical equation. 

Examples. 
1. Find r (2'«-5)d^ . _^_+lliog£±i + c. 

x'dx 4 



5«*4-8« + 4 x + 2 



+ log(x + l) + C. 



176. When the simple factors of its denominator are imagi- 
nary, a fraction may then also be decomposed into partial 
fractions of the forms in Cases I. and II. ; but, since the inte- 
grals obtained from these would involve the logarithms of 
imaginaries, we seek other forms for the partial fractions. 

Since the imaginary roots of an equation always occur in 
conjugate pairs, the imaginary factors of the denominator will 
occur in pairs whose products are real quadratic factors of the 
form (x— ay + b^. Hence, when its simple factors are im- 
aginary, the denominator can be resolved into real quadratic 
factors. 

Case III. When some of the simple factors of the denomina- 
tor are imaginary and unequal^ to every factor of the form 
(x — a)^4-b^ there corresponds a partial fronton of the form 

Ax + B 
(x-a)2-hb2' 
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Let it be required to find | — — -• 

. ^ A , B , Cx+D .,. 

Clearing (1) of fractions, we obtain 

a^ = ^(aj-l)(a^+2) + 5(a; + l)(ic2 + 2) 

+ (2^4-2B-C)a;+25-2^-2>. (2) 

Equating coefficients of like powers of a;, we have 
^ + 5+0 = 0, B^A + D^l, ) 
2^ + 25-(7=0, 2J5-2^1-i)=0. ) ^^ 

Whence -4 = -^, -B = |, C=0, 2> = f. (4) 

jT r ^dx _ irt^i rda; 2 rda? .-^ 

^"^® J«*+ar^-2 eJa^+l 6Ja;-l"^3Ja^4-2 ^ ^ 

Equation (5) is true ; for the values of A^ 5, (7, and Z> given 
in (4) satisfy (3), and hence make (2), and therefore (1), an 
identical equation. 



1. Find 



J (aJ4- 



EXA3HPLES. 

xdx 



l)(a^ + l) 

Arts. J-tan-^o! + -log ('^ + ^)* + C. 
2 • 2 a+l 



J {x-\y{^ + \) 2(05-1)^4 * ari+l ^ * 
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llogi±f-itan-ia;4-C. 
4 1 —X 2 



/; 



a?dx 



a;3 -h a^ H- a; 4- 1 

Ja^+1 

r da? ^1 r da; 1 r{x-2)dx , 
Jy^^l sJaj + l sJar^-aj + l' 

r{x-2)dx ^\ r(2X'-l)dx 1 r__3d£_. 



/ ' da; 
a;3 + l 



°a;'-a;+l^V3 V3 



'■/i 



--a^ 6 ^a;2_2a;4-l V3 V3 



176. Case IV. When some of the simple factors of the denom- 
inator are imaginary and equals to every set of equal quadratic 
factors of the form [(x — a)^ 4- b^]" there corresponds a series of 
n partial fractions of the form 

Ax-fB Cx + D , Lx 4- M 

[(x - a)2 4- b^]" "*" [(x - a)^4-b2]"-' " (x - a)=^ 4-b*-^' 

In any example under this case, by clearing the assumed 
equation of fractions, and equating the coefficients of like pow- 
ers of a;, we should, as in the first three cases, evidently obtain 
as many simple equations as there are indeterminate quantities ; 
and the values of -4, B, C, etc., determined by these equations 
would make the assumed equation an identical one. 

It remains to be proved that we can always integrate a frac- 

tiouoftheform ,(^ + f)^t . 
Kx-ay + V^-' 
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Let 2 ass a? — a ; then a = 2 + a, dx = dz, and 

/ (Ax-\-B)dx ^ r(Az + Aa + B)dz 

/ Azdz r(Aa + B)dz 
-^ r(Aa + B)dz 

The method of finding the integral of the last term is given 
in § 185. 

Examples 



Ans. ilog(a? + 2) + ^ryj—r- - f 



dx 



2(x» + 2) ■: (3^+2y 

Assume t+l^ = A^±A + Cx±D^ 
{a? + 2y ia?+2y^ ar'+2 

J ifi + a^ + x + l »(aJ! + i)i » ^ 

Ja?-a^ + 2x-2 ^(a!^ + 2)J 3V2 V2 

J (a!+2)« (a! + 2)* a!+2 °*°K«^=^-f-''-»1- ^- 



CHAPTER XIV. 
INTEGRATION BY BATIONALIZATION. 

177. It has been shown that any rational differential is inte- 
grable ; hence an irrational differential which does not belong 
to a known form can be integrated, if we can rationalize it; 
that is, if we can find its equivalent rational differential in terms 
of a new variable which is some definite function of the given 
variable. 

178. A differential containing no surd but those of the form x* 
sail be rationalized by assuming x = z°, in which n is the least 
common multiple of all the denominators of the several fractional 
exponents ofx. 

For, if a? = a;**, the values of aj, da?, and each of the surds, will 
be rational in terms of 2; hence the flinction of z obtained by 
substituting these values in the given function will be rational. 

Examples. 

1. Find C ^rf dx. Ans. |ai--i«}+ C. 

c/ 2aj« 

Assume a? = 2® ; then 

oA^T?^ aji = 2J*, ajis=2;, and daj=62r^cfo; 



^■h 



+ 2x1 



jxl - ^a*+ |a!i - |a!» + ^log(l+2a!») +C7. 
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179. A diffevential containing no surd except a + bx affected 
with fractional exponents can be rationalized by assuming a + bx 
= z**, in tvhich n is the least common multiple of the denominators 
of the several fractional exponents. 

For, if a + 6a; = 2", the values of a;, da, and each of the surds, 
will be rational in terms of z. 



Examples. 

Assume 1 + 35 = 2? ; then 

(l + aj)l = 2?, 

(l4-a;)i = 2;, and dx^2zdz; 

. r d£ r 2zdz _ 2 r dz 

"J (l-l-aj)8 + ri + aj)i J z'+z Jz^-^1 

= 2tan-*2 + C7= 2tan-\l + aj)i 4- 0. 

2 r xdx ^ 2(2 a -{-bx) ^ 

* J (a-[-bx)^ bWa^hb^ 

^- /(273^r -i(4- + i/)(2r-2^)i + C. 

4. Cx{a + x)idx. -^(4aj-3a)(a + aj)i + C. 






1 1^^ Va4-6a;--Va . , 
•bx Va Vtt + 6aj+Vcf 

180. -4 differential containing no sitrd except Va + bx-t-x* 
can be rationalized by assuming Va + bx + x* = z — x. 





TKli^OMIAL SUED8. 


Let 


Va 4-6a;-har^==2; — a?; 


then 


a-\-bx = s?—2zXi 




x-^-« 




"" 6 + 2z' 



197 



2(^ + fe + a)dg 

and Va + ^>a; + a?^[=g-a?] = ^:^^.'^^ ' 

6 4-2» 



Hence, as the values of a?, da, and Va 4- fta: 4- «^ expressed in 
terms of « are rational, the given differential when expressed in 
terms of z must be rational. 

181. A differential containing no surd except Va-fbx — x- 
can he rationalized by assuming 



Va + bx-x2[ = V(x-/3)(y-x)] = (x-j3)z, 
in which /3 a?id y are the roots o/x* — bx — a = 0. 



Let va"+6aj-a^[=V(a;-/3)(y-a:)] = (a?-/3)2;; 

then y — a? = (a; — /3)2*, 

and Va + 6a;-ar'[=(a;-)8)2] = %:^^- 

Hence, as the values of aj, da;, and Va + 6a; — a* expressed in 
terms of z are rational, the differential when expressed in terms 
of z must be rational. 

Examples. 

1. Find C ^^ Ans. log[(2a; + l+2Vl + aj4-«')c]. 

^ Vl + aj + ai* 
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Assume Vl -ha;H-ar^ = 2; — a?; 



then X = 



2z + l' 



a^^2(l±z±V)dz 



and Vl +3? + ar^ [=« — »] = 



.22-1-24.1 



22 + 1 
. r ^ = r-^^=log[(22 + l)c] 



= log[(2ic+l + 2Vl + aj + aj2)c]. 

2. f ^^ . 

*/ V2-a;-ic2 

The roots of a:^ 4. ^ _ 2 = are —2 and 1 ; 
.•.2-a;-ar^ = (aj + 2)(l-a:). 



Assume V2 — x^-a^ [= V(a;+ 2)(1— aj)] = (a; + 2)2 ; 
then 1 — a; = (a; + 2)22, 

1-222 



x = 



22 + 1 ' 

— 62(Z2 



32 



and V2 — a; — ar* 

vf 



J V2-a;-a!2 J z^+l 

v«+2y 

f ^5 2 cot-Yi^Y+ C. 



J a? a; + V2a!+a!« 
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182. Binomial Differentials. Differentials of the form 

in which m, w, and p represent any numbers, are called binomial 
differentixjUs. When p is a whole number, the binomial factor 
can be expanded, and the differential exactly integrated by pre- 
vious methods. In what follows, }) is regarded as fractional ; 

and, in the next section, we will represent it by -, r and s being 
whole numbers. 

r 

183. Conditions of Bationalization of ixr{a + bs^'ydx, 

I. Assume a-^bsf'^z'; 

then (a-h&»")^=2:''; (1) 

1-1 
and cb:^Lz'-^(^:z^y dz. (3) 

bn \ b J 

Multiplying (1), (2), and (3) together, we obtain 

m-fl 

af(a-h6a^)7da; = — 2^+-^?-=-^^ " ' dz. (4) 

bn \ ^ / 

The second member of (4) is rational, and therefore integra- 

ble, when — "^ is a whole number or zero, 
n 

II. Assume a -h fta" = 2* a;" ; 

then af'=za{z'-b)-^; (1) 

1. —^ * ** 

x = a*^(z' — b) », af = a»(2;* — 6)~» ; (2) 

and dxz=^-aiz'-\z'-byn'^dz. (3) 

n 

Multiplying (1) by 6, and adding a, we obtain 

a -h &«" = - — r ; 
z' — b 



200 INTEGBATION BY RATIONALIZATION. 

/. (a + bary = aJ(:i^ - 6)"* af. (4) 

Multiplying (2), (3), and (4) tc^ether, we have 

r 

= _fa— +.-(2'_6)-^— +7+'V-»<fe. (5) 

71 

The second member of (5) is rational and integrable, when 

^ "^ -u- is a whole number or zero. 
n 8 

r 

Hence, a5*(a + baf)»dx can be integrated by raJtiondlization. 

I. When ^LZ_ is a whole number or zero^ by assuming 
a + ftaj" = 2*. 

n. When ^^l^t — (-!! is a w^oZe number or 2;ero, by assuming 

71 d 

Examples. 
1. Find C^^ia-^bo^yUx. Ana. ^^~^^ (a + &ar^)i + C. 

Here !!iJL_ is a whole number, and 5 = 2; hence we assume 
n 

/. (a + 6ar^)-i = 2;-i; (1) 

♦ When 1 18 a negative integer, or 1 1- 1 is a positive 

integer, the exponent of «•— 6 being negative, the given differential wiU be 
reduced to a rational fraction whose integral may be obtained by the 
method of Chapter XIII. But, as this method usually gives a complicated 
result, it is generally expedient in such cases to integrate by using the 
formulas of reduction given m § 185. 
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and dx = U-^-^^dz. (3) 

MuItiplj'iDg (1), (2), and (3) together, we obtain 
1^(0 + b3?)-idx = -^ C(z' - a)dz 

2. r_^^_. ^-8«^ +C. 

J(2-3ar')» 9(2-3«*)» 

Here — — — f- - is a whole number, and s = 2 ; hence we 
n s 
assume 

aj = («2-.i)-i, x-*=r(z^-iy, (1) 

c?a; = -(22~l)-i2d2; (2) 

and (l4.a;2)-i^A^_i_Vi^^-i(^_l).i^ (3) 

Multiplying (1), (2), and (3) together, we have 
o oar 

6. f ^ . _«2_+C7. 

J(l+a!»)l (l+a^)4 
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Miscellaneous Examples. 

1. Find fiin^. 
J 1 — «» 



2. r ^ J-log^^+^^ + '"+logc. 

J(l-a;)(l+.a;)» Vl "VI-VT+i ^ 

3. f ^5 ^. 2tan-'(l + a;)i+C. 

J (2 + a;)(l + a;)i ^ ^ ' ^ 

4. J(a + &r)Ja,(to. 2(a + 6x)< /a^_ay ^^ 

^- I -71 ri -—tan "( + C. 

J x(bx — a)* -y/a \ a J 

J (l + a!)V2 + «-!»* 3Va;+V 



*^ (l + a!)Vl + a! + ar' \2 + a; +Vl + « + !»!» / 

10. r ^ . £(2^+3i ^ 

J (l + a!«)l 3(l + a!»)« ^ 

11 C ^^ - Jg* I c 

' J (a + ba?)i 3o(a + 6x»)i * 

12. C - a+2fta^ ^ 



CHAPTER XV. 

INTEGKATION BY PARTS Aim BY SERIES. 

184. If u and v be any functions of a?, we have 

d{uv) = udv 4- vdu. 
Integrating and transposing, we have 

I udv = wv — I vdu, (1 ) 

Equation (1) is the formula for integration by parts. It 
reduces the integration of udv to that of vdu ; and, by its appli- 
cation, many useful formulas of reduction are obtained. 

Examples. 

1. Find ixXogxdx. Ans, ^a^lc^aj — ia^+ (7. 
Assume u = logo;, and dv=:xdx\ 

then du = — , and v = — • 

X 2 

Substituting these values in formula (1), we have 

I aj'log xdx = ^ar^ log x— i ^xdx 

^ia^logx-^ix'-hC. 

In each example, the values of u and dv must be so assumed 
that vdu is a known form, or nearer one than udv. 

2. i log xdx. x{\ogx-'l)-\-C. 
Assume dv = e'^dx. 
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. isiiT^xdx. a?sin~^aj4-(l — aj^)i4-(7. 

itarr^xdx, ajtan-^a? — log(l4-a^)i4- (7. 

7. Cx\a-x')hdx. -^aj2(a-ar^)3-3J^(a-aj2)« + (7. 
Assume u = a^. 

8. jxcosxdx. ajsma?4-cosa;+ C* 

186. Formulas of Bednction. We will next apply the formula 
for integration by parts to the binomial differential^ 

ijir(a'\'baf'ydx* 

in which p is any fraction, but m and n are whole numbers, and 
n is positive. 

I. Let cZv = (a 4- 6a;")'a:"~^cZaj, and u = af»-*»+i ; 

then V = ^ ^ ^ — , and du = (m — n + l)af ""da;. 

n6(p+l) V -r y 

Hence, by the formula, we have 

far{a+b:e^ydx = '^'^^{iXV^^'^ 

- ^"^+^ raf»-«(a 4- 6a;»)^+^da?. (1> 

nb{p-\-\)J ^ ' 

* That any binomial differential can be reduced to one of this form ia 
evident. For, let the given differential be (r~ ^ — a:^)' x"^ rfa: ; then, by mul- 
tiplying the first factor and dividing the second by (xi)', we obtain 
(\—x^^ x"^ dx. Putting x = sfi,we have 6(l—sfi)^dz, which is of the form 
required. 

The formulas of reduction are true for fractional and negative values 
of m and n, but they are not generally useful in leading to known forms, 
unless m and n are whole numbers, and n positive. 
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Now fof -"(a 4- hiK^y-^^dx = ^^-"(a + hQ(ry{a + h7f')dx 

= a CoiT-^'ia 4- botfly dx + h Car {a 4- 6af )'cto. 
Substituting this value in (1), we have 

_ (m-n+l)a /-^.^ ^ 
n6(p+l) J \ ^ J 

n(p+l)J ^ ^ '' 
Transposing the last term to the first member, and solving 
for I af (a + bx^ydx, we obtain 

J ^ ^ 6(wpH-m + l) 

By formula (A) the integration of Qir{a-\- baf^ydx is made to 
depend upon that of another differential of the same form, in 
which m is diminished by n. By a repetition of its use, m may 
be diminished by any multiple of n. 

Formula (A) evidently fails when np 4- wi + 1 = ; but in 

that ease f- « = ; hence the method of integration bv 

rationalization (§183) is applicable, and the formula is not 
needed. 

II. It is evident that 

Car (a 4- bx'^ydx = Car (a 4- bx'^y-^^a + bar)dx 

t=:aCar(a-\'bary-^dx 

+ b Car+''(a 4- bx'^y-^dx. (2) 
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Applying formula (A) to the last term of (2) , by substituting 
in the formula m-{-n for wi, and p—l for p, we obtain 

b Car^(a + baf^V'^dx = «^"''(^ + ^^)^ 
_ji(m-ML Car(a + baf^y-'dx. 

Substituting this in (2), and uniting similar terms, we have 
C.r(a^baf^ydx^^^>-^^^y 



anp 



- Car{a'\'bi)ify-^dx. (B) 



/• 



WJ9 -f Wl + 

Each application of formula (B) diminishes p, the exponent 
of the binomial, by unity. It fails in the same case that (A) 
does. 

III. When m and p are negative, we need formulas to increase 
rather than to diminish them. To obtain these, we reverse for- 
mulas (A) and (B). 

Solving (A) for I af^'^^a + bafydx^ and substituting ?h -f ?t 
for m, we obtain 

^ ^ a(m+l) 

_birui+n±m±l)_ f^^n^a-^baf^ydx. (C) 

Formula (C) enables us to increase m by n at each applica- 
tion. It fails when ?n + 1 = ; but in that case the differential 
can be rationalized (§ 183). 

IV. Solving (B) for j af(a-^bafy~^dx^ andsubstitutingp+l 
for j:>, we obtain 

J ^ ^ an{p + l) 

np + n + m + 1 r 6^)P+id^. (D) 
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Formula (D) enables us to increase p by unity at each appli- 
cation. 

The mode of applying foimulas (A) , (B) , (C) , and (D) will 
be illustrated by a few examples. 



Examples. 



1 r^' A r a?*diC 



Here m = 4, u = 2, p = — i, a=ia^^ and 6 = — 1. Hence, by 
applying formula (A) twice in succession, this integral will evi- 
dently be made to depend upon 

/ dx 

Substituting these values ot m, ?i, ere, in formula (A), we 
obtain 

-M«'j «"(«'- a^)-4(^. (1) 

In like manner, we obtain 

+ ia«r(a2-a^)-idc. (2) 

Now, Cia'-a^y^dx^ f—-^^— -= sin-^-H- C. (3) 
From (1), (2), aud (3), we obtain 

+ |a*sin-^-+ (7. 






Ans. -|Va^-a:^ + Y8in-i?+C. 
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•^ Va* — a* 

— zzz:::^:: is made to depend on what known 

form when m is positive and even ? On what known form when 
m is positive and odd? 

4. C ^^ . 2VaM^-ia*log(aj4-Va^T^)4-C. 

/* ixf^dx 
By formula (A), I — =:= is made to depend on what known 

form when m is positive and odd ? On what known form when 
m is positive and even? 

\e 6-4 ^6.4-27 ^6-4.2 a 

8. fia'-ir^idx. ia;(a»-!B«)i + ia»Bin-»-+C 
Apply formula (B) once. 

9. JV(l-aj*)icZaj. ■Ja;(2a^-l)(l-a^)i4--j8in-^aj4- 0. 

10. |V(l-a:2)i^^ 

i(K-TV«^-iaj)(l-a^)i4-TV8iii-^a?+a 
11 r__^_ ^/^JT^ . ^ 
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12. r - -^^'"^ + — log 4-C7. 

For r /^' see § 183, Ex. 5. 

Apply formula (B) . 

14. C{a^+Qi?)hdx. ia?VaM^+ianog(aJ4-Va^T^)4-0. 



— tan-i- 
2a«(a2 + ic*) ■ 2a« a 

Apply formula (D). 



''• /(^.- ...^^+^.»-.^^a 



16. 



r(l-aj2)tda:. iaj(l-aj*)i+f aj(l-ar^)i4-f sm-^aj + C. 

17. C ^^ . -(2aa:-iB*)i + avers-^- + (7. 
•^ V2aaj-aj2 a 

y J in the form | ici(2a — a;)"idic, and apply 

formula (A) once. 

18. C ^^ . _£±i«V2i^:::^+|a»ver8->H + C. 

'■/: 



19. 



■\/2ax — a? 
a?dx 



•\/2ax—a? 

' ^ — i V2aa! — ar + ^a'vers"*- + C. 



20. f— ^ 



^)» 

a' I- ^^ I ^ tan-'* -I (7 

J(l-»»)i 2(l-a;»)i **''' *+^- 
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188. To integrate the logarithmic differential <^(x)(Zo^x)"dx, 
in which <^(x) is an algebraic function^, and n is a positive whole 
number. 

Let a^(logi»)^daj be the function. 

Assume dv = a^dx^ and w = (loga;)*; 

dx 
then du = 2logx — , and v = ^ar^. 

X 

Hence, by the formula for integration by parts, we have 

Ca^{\ogxydx = ix^{\ogxy - ifa^logxdx. (1) 

Applying the formula to the last term of (1), we have 

(o(^logxdx = ^a^logx^ i^x^dx. (2) 

From (1) and (2), we obtain 

Ja?(logxyd^ ^ i^lilogxy - f logo: + 1] + 0. 

Hence, to integrate <f>(x)(\ogxydx, we assume dv==<t>(x)dx. 
and, by successive applications of the formula for integration 
by pails, reduce the exponent of logaj to zero. In this way 
the integration of the logarithmic differential is reduced to the 
integration of algebraic differentials. 

Examples. 
1. Find Cx^(\ogxydx. Ans. ix*l{\ogxy-i\ogx-{-i']-j-a 

-logaj-log(l + a;) + (7. 



/ logxdx 
{i-hxy 



l-\-x 



3. /a.(log.ycto. gL[(log.)'--l_log.+ ^_^]+0. 
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187. To integrate the exponential differential, x"a""dx, when 
n is a positive integer. 

Assume dv = a""dx, and M. = af*; 

then du^naf^'^dx, and v = • 

rnloga 

Hence, by the formula for integration by parts, we have 

Cafa^dx = -^^^-^ ?^— Caf^'^a'^dx. 

J mioga mlogaJ 

By suceessiye applications of this formula, the exponent of x 
is reduced to zero, and the proposed integral is made to depend 
upon the known form 



/"" 



dx. 

Examples. 



1. Find ioi^e'^dx. 

Assume dv = e*"da?, and w = ic* ; 

then I a^e«*da; = -e*'aj* I xe'^d^. 

J a aj 

Again, (x€!"dx = -e"x j e~c?aj. 

Hence P«"^ = ^(«^-^ + ^) + C'. 

2. Ca^e-dx. ?r/^.^_3^4-^a:-il^Uc. 
J a\ a a^ a^ J 

Q Ajj .^ «' r^ 3. a?' , 3-2.0? 3.2.1"! . n 

3. Ix^a'dx. ■ 1^—, +7^ r^-T, ^ + ^• 

J logrrL log a (log a)* (log a) 'J 

4. Write out the integral of e^a^dx, according to the law 
of the integrals in Examples 2 and 3. 

188. To integrate the trigon^ometric differential sm"x cos^xdx. 
Let sin 0? = 2 ; 

n 

then sin* a; =2"*, cos"aj = (l — 2^)2, 
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and dx = (l'-'7?)~idz. 

Hence, | sm'*a;cos"a?dajs= j 2^(1 — 2;*)1"d«. . (1) 

Or, letting cos a; = 2, we obtain 

Csiirxcos''xdx:= j— 2^(1 — 2;') "2" d2. (2) 

Hence, whenever the binomial diflferential in (1) or (2) can 
be integrated, the given differential can be. 

This method of integrating sin*a;cos**fl;c2a; is used in those 
cases to which the shorter methods of § 63 are not applicable. 

Examples. 
1. Find I Qin^xdx. 

Put 8ina; = 2; 

then dx = {l — :i?)-idz^ 

and I sin*ajda?= J «*(! — 2*)"W« 

V6^6.4^€.4.2>/^ ^ 

' ^'^ 8in-i2?4-(7 § 185, Ex. 7. 



6-4.2 
cosaj. 



6 
5.3 



V * 4.2 / 



6.4.2 



x^C. 



2. I sin*a? da?. -4n«. — \ cos x (sin* a? + f sin a?) + f a; 4- (7. 

3. |cos*a?cfo5. ^sina;(cos'a? + f cosaj) + |-a;4- (7. 

4. j sin^ajcos'ajcte. Jsin*a?cosa; — ^sinacosa; + ^a? 4- (7, 

or J^(a? — ^sin4aj) + C. 
Let sina? = 2;, and, for j 2:^(1 — 2;*) i da;, see §185, Ex. 9. 
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The second form of the integral is obtained from the first by 
use of the relations, 2 sin x cos a; = sin 2 a?, and 2 sin* a;= 1 — cos 2x, 
By a similar transformation, any differential or integral expressed 
in powers of sin a and cos x may be found in terms of the sines 
and cosines of multiples of x, 

5. fsin^a^cos^o^da.. 5iE^/22?!f -eos^4.£2i^V^+ C. 
J 2 \ 12 3 8 y 16 

f log tana? + C. 



6. f— ° 
J &mx 

J sm^aj 



cos^aj 2 cos* a 

-:5^^ + ilogtanf+C 
2sm-a? 2 



• Q /'cos^aJcZa? - a ■ t \ 4. ^ » n 

8. I — ; . 1 cos^a; + cosa; 4- log tan- + C. 

J smaj ° 2 

189. To integrate x" sin (ax) dx, and x" cos ( ax) dx. 
Assume ?6 = af*, and apply the formula for integration by 

parts. Each application of the formula will evidently diminish 
n by unity ; hence, when n is a positive integer, the integral 
can be made to depend on the known form 

J cos {ax) dx or J sin (aaj)cto. 

190. To integrate e"«iw''xdx, and e"co«"xdx. 
Put dv = e'^'dx^ and u = sin* a; ; 

then v = -:.e«', 

a 

and du = n sin""^ x cos x dx. 



•/• 



go* g J jjn xdx^-e"* sin" x 



aJ 



a 
e*"sin'*~^a;cosajdaj. (1) 



Again, put dv = e"*daj, and u = sin^'^ajcosa? ; 



then V = - e* 

a 
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and d w = (n — 1 ) sin""^ x cos^ a; da? — sin" a; dx 

= (n — 1) sin**"^ a; cZa? — n sin" a; da;. 

[Since cos^a; = 1 — sin^a?.] 

.'. I e" sin "~^ X cos a? da? = - e" sin"~ ^ a? cos a? 
•/ a 



— (e^'sin**-^ a? da? 4-- (e*^ sin* a? da?, 
a */ aJ 



Substituting this result in (1), and solving for j e"* sin" a? da?, 
we obtain, 

f,a»,|pn,,^^^ e-sin"-^a?(a sin a? - n cos a?) 

n(n - 1) r^^ 8in"-«a?da?. (2) 

By repeating this process or the application of this formula, 
n is reduced to zero or unity ; and the integral is made to de- 
pend upon the known form I e'^dx or the form j e** sin a? da?. 
The value of the latter form is obtained directly from (2) by 
making n = 1 . 

In like manner j e*" cos a? da? can be obtained. 

Examples. 

1. Find j a?* cos a?da?. 

Here u = a?^, dv = cos a? da?, 

V = sin a?, and du = 2a?da?. 

.'. I a?^ cosa?da? = a?^ sina? — 2 j a? sina?da? 

= a?^ sina? -f 2 a? cosa? — 2 j cosa?daj 

= a?^8ina? + 2a?cosa? — 2sina?4- C. 

2. j ar^ sin a?da?. — a?^cosa?4-3a?^sina?4-6a?cosa?— 68ina?4-C 
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4. j e* sin^ a;da?. — (sin^a + 3 cos^a? + 3 sino? — 6 cosa;) + C. 
dx 



191. To integrate 



a 4- & cosx 



r dx _ r 



i4-bcosx J f 2^ I • 2^\ I J./ 2^ • 2aj\ 
^ a( cos^-H-sm^- J + h\ cos^-— sin^- j 



-/■ 



dx 



(a + &)co8224-(a-2^)sin2| 



=/: 



6e.<?-(Jix 



(a + 6) + (a-6)tan*| 

J (a + 6) + (a-&)tan'| 
which is readily reduced to the known form, 

jT^ ^^ jT^' ^^^^^^^ as a > or < 5. 

In like manner I ^, — can be found. 

J a + osmas 

192. To integrate the anti-trigonometric differentials^ 

f(x)5m~^xdx, f(x)cos~^xdx, f (x)^a7i"^xdx, etc,^ 

in which f (x) is an algebraic function. 

Assume dv =f(x) dx^ and apply the formula for integrating 
by parts. One application of the formula will evidently make 
the integral depend on an algebraic form. 



216 INTEGRATION BY SERIES. 



Examples. 
I. Fi.d/^U„-.,. 

1 + a^ 1+a^ 

V = 0? — tan~^a;, and du=s- 



= X tan"^aj — (tan-^a?)^ 



=:taii-^a;(a; — ^tan-^a?) — logVl H-a^4- G. 

2. j ajcos'^aydc. ^ar*co8~^aj — ia?(l — a^)4 4-^8m~^a;4- C. 

3. JVsm-^ajda?. |aj3sin-^aj4-i(i»^ + 2) Vir^^+ C. 

193. Integration by Series. When we cannot, by any of the 
preceding methods, integrate a given differential exactly ; or, 
when the integral obtained by them is of a complicated form, 
we can develop the given differential in a series, and integrate 
its terms separately. Moreover, integration by series furnishes 
a simple method of developing a function, when we know the 
development of its derivative. For examples of this method of 
developing functions, see §§ 107, 108. 

Examples. 
1. Find ra;i(l-ar^)ida;. 

(l-ar')4 = l-ia:2-K-TVa^-...; 
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.-. Cxk{l-x')kdx= Cxk{l-:^a^^ia^-^af^ )dx 

= ix^-}xi^i^x^-Th^— + 0. 
which is the required integral for a?< 1 and >— 1. 

3. Prove that log(a+a?) = loga + ^-^^ + ^3-/;-h ..., 

a 2a^ Sa^ 4a* 

by first integrating directly, and then by series. 

0/ •J* X 

dx 



4. Develop log (a? + Vl +a^) by integrating 



Vl+ar* 



^n..log(a.+ Vl + a^)=a:--3-h— --^^^gy+. 



5. Prove that 



/i 



dx lir* , 1.3a^ l-^-bx^^, , ^ 

=3.— ----I---—- --—_-——- —--I-. ..4-0. 



(l+i»*)i 2 5 2.4 9 2. 4. 613 

194. While we can differentiate any given integral, we can 
exactly integrate but a small number of differentials. One 
great reason for this seeming difference in the perfection of the 
two branches of the Calculus is that the integral is often a 
higher or more complex function than its differential. Thus, 
the differentials of loga?, sin~^a;, tan~^aj, etc., are algebraic func- 
tions. Moreover, it is evident that certain forms of differentials 
do not arise from the differentiation of any known functions. 
Hence, to obtain the exact integrals of many differentials, new 
and higher functions must be invented and studied. The 
integrals of these differentials, as obtained by series, are the 
developments of these, as yet, unknown functions. 



CHAPTER XVL 

LEMTH8 AND AREAS OF PLANE CURVES, AREAS OF SUR- 
FACES OF REYOLUTION, YOLUMES OF SOLIDS. 

195. Examples in Rectification of Plane Curves. For formulas^ 
see § 65. 

1 . Find the length of the parabola y^ = 2px. 

.•.a = ?^^^p:l^+|log(y+v5M^)4-0. §185,Ex.U. 

If s be measured from the origin, 8 = when ^ = 0, and 
G=-\p\ogp. 

2. Rectify the circle 0?+ ^ = r^. 

We use L to represent the entire length of any closed curve. 

Here i = 4 fYl + ^*da; = 4 r C ^^ =27rr. 
•^ \ oar J Jo -y/,j2 _ gfji 

For the value of tt, see § 107- 

3. Rectify the ellipse j^ = (1 - e^) (a* - ar') . 



Here ^ = -(l_e^)2 = . 



x^\-^ 



"VoVS^^^V 2a 2.4a» 2.4.6a' "' ) 
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e^ r''__Q^dx ^ 



3e« 
'2.6c 



For the indefinite integrals of the last three terms, see § 185, 
Examples 1, 2, and 7. Finding the definite integrals between 
the given limits, and adding the results, we have 

T 9w,A ^ 3«* 3^5e« \ 

i=2,ra^l---.^^-^^-^^^-...J. 



4. Rectify the hypocycloid a?J + yl = a*. 

5. Rectifj' the tractrix. 

The characteristic pro- 
perty of the tractrix is that 
the length of its tangent pt 
is constant. Denote this 
constant length by a ; and 
let o be the origin, oa being 
the tangent at a ; then, if 
PM=d5, — PN=d2/, NM=da;, 



Ans, Qa, 




ET = Va'-^ 


-2/^ 






Hence 


ds 
dy 


_PM__ 
PN 


a 

y 




\8 = 




sC 



Fig. 64. 



X 



also, -^ = — - 

dx ^a^ _ y2 



(1) 



alogf - 1, if s be measured from a. 

In this example we have found the length of a curve without 
knowing its equation. For the length of the catenary obtained 
in a similar way, see § 76, Ex. 8. 



196. To rectify a cui^e given by its polar equation. 

Since ds'=^p^d£F + dp\ § 136 (3) . 
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Examples. 

1. Rectify the spiral of Archimedes, p = <iO. 

Here ^ = -; .'. 8=^^ C(a'-hp^)^dp. 
dp a a%/ 

Hence, if s be measured from the pole, we have 

s = d^±^+^\o^P±2l^±l. §185, Ex.14. 

This is equal to the arc of the parabola, ^ = 2a^, intercepted 
between the vertex and the point whose ordinate equals p 
(§195, Ex.1). 

2. Rectify the logarithmic spiral p ss a*. 

Here «= r(l + m2)idp = (l + m*)ip, 

in which m is the modulus of the system of logarithms whose 
base is a, and 8 is measured from the pole. 

3. Construct and rectify the cardioid p = a(l -f cos^) . 

L = 2 r[a2(l4- cos^)2 + a* sin*^]i(W 

Jo 2 2 

since 2(1 + cos ^) = 4 cos*— 

ii 

197. Examples in Qnadratiire of Plane Corves. The quadra- 
ture of a figure or surface is the finding of its area. For 
formulas, see § 66. 

1. Find the area of the circle a^ + y^ = r^. 
Here area = 41 (7'^ — a^)hdx 

= 4 H'^-'^>^ +ilsin-^gT=^. §185,Ex.8. 
[2 2 rjo 
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For the segment between the lines x = a and re = 6, we have 
area = 2 fV-a^)*^ 



Wa? 



2. Find the area of one branch of the cycloid, 

xs^r vers"^- — v2 ?-y — y^. 

Area =2 fl—^^— ^ = 3 ttt*. § 185, Ex. 18. 

•^ V2?'2^ — y^ 

Hence the area of one branch is three times that of the gen- 
erating circle. 

3. Find the area of the tractrix. 



Here ^ = - . —^ . or dx= - "^^^ "" ^ dv. §195, Ex. 5. 

dx y/a^ — f . y 

.\z= Cydx^-- CVa^ — fdy, 

.-. area = - 4 jTVa^-i/' ^2/ = •^«'- § 1^^? Ex. 8. 

Hence the whole area enclosed by the curve is equal to the 
area of a circle whose radius is a. 

4. Find the whole area between the cissoid 2/^ = and 

2a — X 
Its asymptote. . _ , 

5. Fmd the area between the lines a^y = a^^ x = b^ x = c, and 

be 

6. Find the area of both loops of the curve a*y^ = a^&^a^—6V. 

Arts. ^ab. 

7. Find the area of one loop of the cuitc aV = ^*(^'' — ^') • 

Ans. I a-. 
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198. To find the area of a cui-ve given by its polar equation. 
Let p be any point on the curve ab referred to the pole o and 
J the polar axis ox. Take od = 1 , and draw 

\p» the arcs db and pr ; theh, if db =^dO^ it is evi- 
dent that the sector opr = dA^ A representing 
B X .. \/..--'^ ^^® ^^^ traced by the radius vector. 
Hence dA = ^ pr • op = ^p^ c?tf ; 

.'.A = ijp'd^. 
DC = Atf ; then kp' = Ap, and area opp'=: A^. 
OPK < opp'< OHP', or -^ Atf < A^ < ^P "^ ^P^ AO. 

■•■f<if<^^^'^-f=f. «-»/'«• 

Examples. 

1. Find the area of the first spire of the spiral of Archimedes, 
pz=aO; also the area between the first spire and the second. 




Here A = i Cd'eFdO = ^a^^ = ^p^'O. 



(7=0, since, if the area be estimated from the pole, -4 = 
when ^ = 0. 

When 0=2v, pz=r^ or the radius of the measuring circle ; 
and A = ^-n^. Hence the area of the first spire is one-third 
of the area of the measuring circle. 

When^ = 47r, p = 2r, and^ = |^. 

But, in the two revolutions, the area of the first spire has 
been traced twice ; hence the area between the first spire and 
the second is ^irr^ — ^irr^^ or twice the area of the measuring 
circle. The area between the second spire and the third is four 
times the area of the measuring circle ; and so on. 

2. Find the area of the curve p = a sin 3^. 
The curve consists of three equal loops (Fig. 47). Hence 
the area equals three times the area of the first loop. 

Ans. jTra^ 
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8. Find the area of the lemniscate p^ = a^ cos 2 $, 
The integral between tf = and tf = Jtt is one-fourth of the 
whole area. ^,^, ^, 

4. Find the area of the cardioid p = a (cos tf 4- 1) . 

Ans. f Tra^. 

199. Examples in Qnadratiire of Surfaces of BevolntioiL For 

formulas, see § 68. 

1. Find the area of the surface of the prolate spheroid ; that 
.is, of the surface traced by the revolution of the ellipse 

about the axis of x. 

Area = 2 r27r(l-e2)i(a2-ir2)4A^^*^ 

=== 47re(l- e2)ijrY^ - oj^Vda? 

.4„|[4.(|-^)'+g.i„-«]V85,Ex.8. 

_2,6> + 2£2»siii->«. 
e 

2. Find the area of the surface of the prolate spheroid whose 
generatrix is 9 y* 4- 4 a^ = 36 . 

3. Find the area of the surface generated b}' the revolution 
of the cycloid about its base. 

Area =2 I ^iryds^^ir \ y[l + --.\dy 
Jo Jo \ difj 

B 47r V2rjr y(2r - yY^dy 

= 47rV27[-f(4r4-y)(2r-2/)4]J'' §179, Ex. 3. 
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4. Find the area of the surface generated by the catenary 
revolving about the axis of «, between the limits and h. 

Here S = 27r I yds^ iraS ^ e" + e" " jds 

= i7rajp U" + «""y^ §76, Ex. 8. 

5. Find the area of the surface generated by the revolution 
of the tractrix about the axis of x. (See § 195, Ex. 5.) 

Ans, A:ira^. 

200. Examples in Cabatore of Solids of Bevolntion. The 

cubature of a solid is the finding of its volume. For formulas 
see § 69. 

1. Find the volume of the solid generated by the revolution 
of the cycloid about its base. 

Here dx=.-M=; .-. ^da: = -^^^. 

.-. vDlume = 27r C^\ ^^^ = Stt^t^ ; § 185, Ex. 19. 
JoV2ry--2/* 

that is, the volume is five-eighths of the circumscribed cylinder. 

2. Find the inclosed volume of the solid generated by the 
revolution of the parabola y^—2px about the line a5 = a. 

LetMxbe theline a;=a; let 6= ak[= ^2 pa] ; 
and let p be any point on the parabola ; then 
OH = a?, and ha = a—x. Now, if bc = dy^ the 
volume generated by the revolution of bpdc 
about MK equals dF; 

.'. dF= 7r(a — xydy ; 

.-. volume = 2 TT j (a— -^ j dy = \^Trba^, 




Fig. 56. 



3. Find the volume of the solid generated by the revolution 
of the cissoid about its asymptote. Ans. 2'n^a^. 
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4. Find the volume of the solid generated by the revolution 
of the tractrix about the axis of x. 

Since y = a when a?= 0, and y = when re = oo, and 



y 

volume = 2 I irifdx^ — 27r I yVoF—y^ dy = f Tra®. 
*/x=o •yjf=<> 

201. The Calculus is often of great aid in deducing the equa- 
tions of curves. Tha equation of the catenary is obtained by 
its use in §76, Ex. 8. 

Examples. 

1 . Find the equation of the tractrix. 

Here |^ = -._-L; § 195, Ex. 5. 

.^_ r{a'-fydy , 
••''"■"•J y ' 

...a. = alog^5±(^Il3(!).*«(a2-.y2)i. § 185, Ex. 13. 
(7=0, since a? = when y= a. 

2. Find the equation of the curve whose subtangent is c. 

Here ^ — [= subt.] = c ; 
dy"- 

.'. da: = c — ; 

y 

/. a? = -log„y+C7. 
m 

If cs:^m^ and the curve pass through the point (0, 1), we 

have 1 

a? = log„y. 

3. Find the equation of the curve whose subnormal is c times 
the square of its abscissa. ^^^ , ^ ^^ _^ ^^ 



CHAPTER XVII. 
THE IfETHOD OF nFIinTESIMALS. 

202. Inflnitesimals and iTiflnitea. A quantity so small that its 
value cannot be expressed in terms of a finite unit, is said to be 
infinitely smcUL 

An TTiflniteaimal is an infinitely small variable whose limit is 
zero. For example, if y =/(») , Aa; and A^ both become infini- 
tesimals as Afl;==0. Again, any variable, when near its limit, 
differa from its limit by an infinitesimal. 

When we consider several related infinitesimals, we choose 
arbitrarily some one of them as the pnncipal infinitesimal^ and 
adopt the following definitions : 

Any infinitesimal, the limit of whose ratio to the principal 
infinitesimal is finite, is an infinitesimal of the first order. 

Any infinitesimal, the limit of whose ratio to the square of the 
principal infinitesimal is finite, is an infinitesimal of the second 
order. 

Any infinitesimal, the limit of whose ratio to the nth power 
of the principal infinitesimal is finite, is an infinitesimal of the 
nth order. 

Hence, if t represent the principal infinitesimal, Vit, -ygt*, ^31^, 
and v»t" will represent respectively an}' infinitesimals of the first, 
second, third, and nth orders, in which Vi, v^, Vg, and v„ are 
variables having finite limits, from which they differ by infini- 
tesimals. According to this notation, a = t, a = Vit, and a = ^2'* 
are read respectively, " a = the principal infinitesimal," " a = an 
infinitesimal of the first order," and " a = an infinitesimal of the 
second order." 

A quantity so large that its value cannot be expressed in 
terms of a finite unit, is said to be infinitely large. 
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An Infinite is an infinitely large variable that increases with- 
out limit. Hence the reciprocals of infinitesimals are infinites, 
and the different orders of infinites may be represented bj' WiC^, 
W2r^y w^r^, etc., in which Wi, Wj, Wg, etc., are variables having 
finite limits. 

The symbols and oo, or -, represent respectively absolute 

zero and absolute infinity, of which there are no orders. 

203. From the algebraic symbols for infinitesimals and infi- 
nites of different orders, the following principles are evident : 

1. The product of any infinitesimal and an infinite of the 
same order is a finite quantity ; thus, r2t*«W2*~* = V2^'2- 

2. The order of the product of two or more infinitesimals is 
the sum of the orders of the factors ; thus, 'yii«'y2t^ = ^1^21^ 

3. The order of the quotient of any two infinitesimals is the 
order of the dividend minus the order of the divisor ; thus, 

ViL Vi ' 

4. If the limit of the ratio of one infinitesimal to another is 
zero, the former is of a higher order than the latter ; thus, 

limit ?^' = limit^t = 0. 

Vlt Vi- 

204. Oeometric niiutration of Infinitesimals of Different 
Orders. Let cab be a right angle inscribed in the semicircle 
CAB, BD a tangent at b, and ae a perpendicular to bd. From 
the similar triangles cab, bad, and aed, 
we have 

(1) 

^^^ T^ = r^- (2) c Fig. 57. B 

Suppose A to approach b so that ab s= i. Since limit ab = 0, 
and limit ao = cb, frpm (1) we have 



AD 
AB 


"~AC 


DE 
AD 


""bc 
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limit — = limit — = ; 

AB AC 

hence ad is an infinitesimal of a higher order than ab (§ 203, 4) . 
From (2) we have 

T .. DE T . . AB 

Imiit — = Imiit — = ; 

AD BC 

hence de is an infinitesimal of a higher order than ad. 
Thus, when ab = i, ad = Vgt^, and de = Vgt®. 

Examples. 

1 . If a = I, of what order is sin a ? 

Since ^™^* f^l^l = 1 , sin a = v^i (§ 202) , 

and limit ^1=1. 

2. If a = t, of what order is tan a ? 

3. If a = t, of what order is 1 — cos a? 

Since »^t P~J""1 = |, 1 - cos a = !,,.» (§ 202) , 

and limit Vg = ^^ 

4. If a 5= t, show that sin a— a=V3t®, and that a— tan a^v^L^* 

205. First Frmdamental Principle of InflnitesimalB. 

Let a — )S = €, in which € is infinitely small in comparison with 
a or )S ; then 

|=l+i,andlimiti=0; 



.'. limit I = limitfl + 11 = 1 • 



Hence, if the difference between two variables is infinitely small 
in comparison icith either of them, the limit of their ratio is unity; 
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and^ 5y § 135, either of them may be substituted for the other in 
any problem concerning the limit of the ratio of two variables. 

For convenience of application, this principle may be stated 
as follows : 

In problems concerning the limit of the ratio of two valuables, 

AU infinitesimals of the higher orders m^y be dropped from 
sums of infinitesimals of differeyit orders. 

AU infinitesimals may be dropped from sums of finite quantities 
and infinitesimals, 

AU finite quantities maybe dropped from sums of infinites and 
finite quantities, 

CoR. If a = )S-f-€, limit^, or limit 14--| l is unitv only 
P L Pj 

when c is infinitely small in comparison with p. 

Hence, conversely, if the limit of the ratio of two infinitesimals 
is unity, their difference is infinitely small in comparison with 
either, 

206. Eule for Differentiation. In this chapter we shall regard 
the increments of variables as infinitesimals. Since the differ- 
ence between a variable and its limit is an infinitesimal, and 

since 

limit 
Axz 



.'^'o[!|]=/'(«); 



.-. ^ =f'(x) 4- €, or Ay =/(«) Aa; + cAa?, (1 ) 

Ax 

in which c is an infinitesimal. 

Now dy = f'(x)dx, (2) 

The value of dx being arbitrary, for convenience we shall, in 
this chapter, suppose it to be equal to Ax. 

From (1) and (2) it follows that, if f?a; = Aaj = t, dy and Ay 
are infinitesimals whose difference is infinitely small in compari- 
son with either, and therefore, in differentiating, dy may be 
substituted for Ay (§ 205). 
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From these considerations we have the following simple nile 
for differentiating any function : 

Find the incrennent of the function in terms oftlie increments 
of its variables^ apply the principles of § 205, and in the terms 
remaining replace the increments by differeiitials. 

Thus, to differentiate a^, lety^a?; then 

^y = 3 a^Ax + 3 x{Axy + (Aaj)«. 
Hence, by the rule, 

dy = 3a:^dx. 

Rem. "We do not drop the infinitesimals of the higher orders, 
because they are nothing, or comparatively nothing, when added 
to an infinitesimal of the first order, but because we know that 
they do not appear in the limit of the ratio sought. Thus the 
method of limits is the basis of the method of infinitesimals, the 
difference being that in the latter we use infinitesimal differen- 
tials, and a quantity is dropped as soon as it appears, when it is 
known that it will vanish in passing to the limit sought. Any 
differential equation obtained by the infinitesimal method must 
evidently be true when the differentials are regarded as finite. 

EXAJiPLES. 

1 . Differentiate u=QDy. 

Here Aw = ^Aa;-f-ajAy-f-Aa?Ay ; /.dtc^ydx-^-xdy. 

X 

2. Differentiate w = — 

y 

Here An = y^:zlM . r.du^ ydx^xdy ^ 

3- Differentiate y = sin x. 

Here Ay = sin (x -f- Aaj) — sin x 

= cos a? sin Aa? — (1 — cos Aa;) sin x 

= cosa;Aa? + 'y2i^; 



SECOND FUNDAMENTAL PRINCIPLE. 
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for, when Ax = t, Ax — sin Aa? + 'y2t^(§ ^^5 Cor., and § 205, Cor.), 
and 1- cos Ax = Vgt^ (§ 204, Ex. 3). 

,\dy = cos xdx. 

4. Find the differential of any plane curve. ^ 

Let As, or arc pp' in Fig. 58, be t ; then 

As = chord pp'-f- Vgt* § 48. 



,d8 =^di^ + da^. 




Fig. 68. 



5. Find the differential of the area between a curve and the 
axis of X. 

Let Aa?, or ab in Fig. 58, be i ; then, since area pdp'< Afic* Ay, 
Az = area abp'p = y Aa; + Vjt^ ; 
,\dz = ydx. 

207. Second Fundamental Principle of Infinitesimals. Let 
ai9 02) tts) •••) On l>e any infinitesimals so related that, as n 
increases, 

limit [tti + og 4- as + ••• + an]== c ; 

and let /8i, fi^^ jSs, ••• /3n be any other infinitesimals, such that 

^^ = l-hc„^^=l + .„..., ^"=l + c., (1) 

tti o^ a^ 

in which ^i, cj, •••, €^ are infinitesimals. 

Clearing equations (1) of fractions, adding, etc., we obtain 

A + /S2 + -+/3«-(ai4-a2-h.-+a«) 
= tti^i +a2€2 H h a^€n- 

Let 8, a positive infinitesimal, be greater in absolute value 
than any of the infinitesimals €i, €2, •••,€„ ; then we have numeri- 
cally, 

(A + A + -+)8«)-(ai + a, + ...+a,) 

<8(ai + a2H |-a„)' 
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But, since limit S = 0, and limit (aj + o^ H f- a„) = c, 

limit[8(ai + a2+--+an)] = 0. 

Whence Iimit[j8i + j82 + ... -hi8,] = limit [ai + 03 + ... -fa„]. 

Hence, if the difference between two infinitesimals is an infini- 
tesimal of a higher order, either may be substitvied for the other 
in any problem concerning the limit of the mim of infinitesimals^ 
provided this limit is finite. 

Cob. If §=l + ci, -^=H-«2, -,.§^ = 1 + *., 

tti a2 a„ 

and aj + osH [-«« = «, 

then nmit[^i + )32+...+^«]=ai-fa2-f •••+a„ = c. 

208. Integrprtion as a Summation. Let z represent the area 
between the curve opd and the axis of a?, and let us seek the 
area of the portion obd. At the several 
values of a;, as, 0, oa, oa', and oa", let 
oa = aa' = a'a" = a"B = ^x = dx\ 
then the corresponding values of dz are 
0, ap6a', a^p'b'a"^ and a"p"6"B, while those 
' ^ of A2; are opa, app'a', a'p'p"a", and a"p"DB, 
Fig. 59. whose sum equals obd. Let the divisions 

oa, a^', etc., become infinitesimals, but increase in number so 
that their sum will continuall}^ equal ob ; then ^z and dz both 
become infinitesimals; and, since opa, pp'ft, etc., is each less 
than Aa? • Ay, ^z — dz = V2t^. Therefore the limit of the sum 
of the values of dz is equal to the sum of the values of A2; 

(§ 207, Cor.). Hence, if x' =ob, and the symbol ^ A2; repre- 

sent the sum of the values of A« corresponding to the different 
values of x between and a;', we have 

Z=Z' X — X' XaX' 

area obd = ^ A2; = limit ^ da; = limit ^ ydx. 




But area obd 



X 



= Jydx; 



X' Xmx' 

ydx = limit "^ ydx. 



'0 x-O 
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Hence, when differentials are infinitesimals^ integration may 
be viewed as the summation of an infinite series of infinitesimals, 

209. Centre of Gravity. The centre of gravity of a body is a 
point so situated that, if it be supported, the bod}' will remain at 
rest in whatever position it may be placed. An element of any 
quantity or magnitude is an infinitely small portion of it. The 
product of the weight of a body by the distance of its centre of 
gravity from a given plane is called the moment of the body with 
respect to that plane. The moment of a body is the sum of the 
moments of its elements. Hence the distance of the centre of 
gravity of a body from a given plane equals the sum of the 
moments of its elements divided by the weight of the body. 
The bodies here considered are supposed to be of uniform den- 
sity ; hence their weights are proportional to their volumes. 

The advantage sometimes gained by -viewing integration as a 
summation is illustrated in deducing formulas for finding the 
centre of gravity. 

210. To find the centre of gravity of any plane surface. Let 
(ic, y) be any point on the curve opn referred to the axes ox 
and OY, and let Xq and yo represent respec- 
tivel}^ the distances of the centre of gravity of 
any portion of the surface xon from the planes 
OY and ox, which planes are perpendicular to 
that of the figure. The differential of the 
area xon is ydx ; now, if dx = ab = t, ydx will 
differ from abp'p, the corresponding element ^*** ^' 

of this area, by -Vgt^ ; and the distance of the centre of gravity 
of this element from the plane oy will differ from x byvit; 
hence xydx will differ from the moment of this element with 
respect to the plane oy, by -Vgt^. Therefore, between x = a and 
a? = 6, the sum of the moments of the elements 



= limit 2 xydx = I xydx ; 
xydx I xydx 



.Xo = 

area 
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Again, the centre of gravit}^ of ydx is evidently iy from the 
plane ox ; hence iy-(lx will differ from the moment of the cor- 
responding element with respect to the plane ox, by Vzl^. Hence, 
between x = a and a = 5, the sum of the moments of the ele- 
ments = i i y^dx ; 

yHx j y^dx 

^'^^ jjfdx 

If the curve be symmetrical with respect to ox, a\) is evidently 
the same for the whole area as for the half, and y© is zero. 

211. To find the centre of gravity of any plane curve. Let 
(^0? ^o) be the centre of gravity of any arc of a plane curve 
whose length is represented by s. Now, when c?s = t, xds dif- 
fers from the moment of the corresponding element of the curve, 
with respect to the plane oy (Fig. 60), by Vii^. Hence, between 
x=a and x = b^ the sum of the moments of the elements 



= I xds^ 



and fxds 

Xo^^ 

s 
In like manner, we obtain 
Cyds 

212. To find the centre of gravity of a solid of revolution. 
The differential of a solid of revolution whose axis is the axis 
of a;, is ir^dx^ hence, if da; = t, irxyHx will differ from the 
moment of the corresponding element of the solid, with respect 
to the plane ot, by v^f ; and therefore, between x=za and a; = 6, 
the sum of the moments of the elements 

= iTTXTfdX, 
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.iCo •' 



XT I Qcy^dx I xy^dx 
jfdx 



volume 



As the centre of gravity must evidently be on the axis of revo- 
lution, the formula given above entirely determines it. 



Examples. 

1. Determine the centre of gravity of a circular arc bad. 
Let the extremity d be {x\ y') . 
Here y^= 2 7-a; — a^ ; 
, (r — x)dx 

V27-a? — ar 



/. d5=VcZar^ + <i2^ = 



rdx 



J I xds 



V2 



rx- 




t AE — Xq 






* xdx 



V2 rx — m^ ^ 
ry' 



TT ^•y' r chord bd 

Hence ce = r — ae = — = • 

8 arc BAD 



= !:[-V2ra?'-a?'^ + 5] 



2. Find the centre of gravity of a segment of a circle. 
Using the equation of the circle referred to its centre, we have 

I xydx I {f-'iii^)hxdx 

Xo = ^ = ^ 

area area 

area 

If a = 0, aud6 = r, then area = i7rr^, and we have Xo = — 
when the segment is a semicircle. ^ 
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3. Find the centre of gravity of a parabolic area. 

Ans. a^safa;'. 

4. Find the centre of gravity of a right cone. 
Here y a= oo?, and volume = ^ttt^x ; 

TT I xy'dx IT I d^Q^dx 
volume ^ir(j^x^^ ^ 



that is, the distance of the centre of gravity from the vertex is 
three-fourths of the axis. 

5. Find the centre of gravity of a segment of a prolate 

spheroid. ^(|„a:'»-ix") 

Ans, Xo = ; . 

volume 

When »'= a, o^, = |». 

Ixyds 

6. Prove that Xq=i^^ is the formula for finding the cen- 

Cyda 

tre of gravity of any surface of revoluion. 
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